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Abstract 
Chirality plays a significant role in many chemical interactions and the preparation of 
enantiomerically pure materials remains a significant and necessary challenge. The difficulty in 
separating enantiomers and other high-value isomeric materials arises from the components having 
identical (or very similar) physical properties such as boiling point and melting point. There is a high 
demand in many fields for new isomer separation technologies especially in drug development, 
pharmacology and petroleum industry. The use of chiral MOFs for enantioselective separations is 
attractive for a number of reasons. Firstly, MOFs have well organised pores suitable for specific guest 
binding. Secondly, the modular nature of MOFs means that pore sizes can be tailored accurately or 
new functionality introduced to enhance host-guest binding. It is worth noting there are limited 
number of studies in which the separation of enantiomers using porous materials have been reported. 
The majority of reports are of selective sorption (adsorption or absorption) into chiral MOFs are very 
limited due to the difficulties of synthesising enantiomerically pure networks which often require 
more laborious synthesis and are typically costly.  
 
In this study, molecular engineering principles combined with a modular synthetic approach have 
been applied to design and synthesise chiral and achiral organic ligand. A total of 23 novel organic 
ligands were synthesised, 16 of which are chiral and contain stereogenic centres derived from amino 
acids. These ligands incorporate a variety of functional groups including carboxylate and pyridine 
moieties for coordination to metal ions. In addition, seven achiral ligands have been prepared to be 
used as “spacer” or “pillar” in frameworks synthesis. The reaction of these ligands with different 
metal salts resulted in 16 coordination polymers including seven chiral and nine achiral coordination 
polymers. Crystallography allowed the determination of the structures of the polymers in each case. 
The topology of these networks including example of 1D, 2D and 3D extended frameworks each with 
distinctly shaped and pores and the potential of accessible void space. The factors that influence the 
network structure such as the length of the ligand, the position of the functional groups, the number 
of binding sites and the stereogenic centres are discussed. The synthesis of novel amino acid based 
chiral metallo-supramolecular polyhedra was also investigated.  
 
The study also explored the topology of the coordination polymers node and the coordination fashion 
by analysing the crystal structure of the both chiral and achiral synthesised networks. In addition to 
that, the void space of the porous materials was calculated from the crystal structure by using 
crystallography software which was compared to the practical values obtained from isotherm 
measurements. Analysing the data from the gas sorption resulted in determining the surface area of 
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the prepared materials. In addition, the thermal stability and crystalline unity of some constructed 
coordination polymers were determined by measuring the thermogravimetric analysis (TGA) and 
powder X-ray diffraction (PXRD).  
 
Then a preliminary investigation to assess the use of these materials for chiral separation was 
conducted. This was achieved both in solution crystallographically and in solid state through the 
evaluation of binding constants using chiral chromatography and chiral gas chromatography.  
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1.0 Chapter One – Introduction*.1 
1.1 Metallo-Supramolecular Chemistry  
Since the development of Chemistry as a distinct scientific it has contributed many solution to 
challenges proposed by wider society issues including revolutionising energy, industrial processing, 
pharmaceuticals and much more. Many of these process, however, are energy hungry and reducing 
energy consumption in these areas is a key challenge for the future one in which new technologies 
based on materials has considerable potential. The design of new functional material is a key element 
in many of these emerging applications and metallo-supramolecular chemistry has emerged as an 
approach underpinning the design of many such materials.  
 
Metallo-supramolecular chemistry combines the directional properties of organic materials with those 
of metal ions to produce tailorable functional materials. A well designed organic component 
combined with a suitable metal ion enables chemists to control the shape, size and geometry of the 
resulting architectures. The coordinate bonds between the metal ions (the acceptor) and the organic 
ligands (the donor) allow the pre-designed construction of a wide range of structures including 
helicates, capsules, polyhedra, coordination polymers and MOFs1-2. In addition to coordination 
bonds, halogen bonding3, hydrogen bonding, π – π interactions4 or a combination of them have been 
used to produce crystalline arrays5 allowing for the control of the complex metallo-supramolecular 
architecture.  
 
The combination of these interactions results in extended supramolecular architectures with different 
physical and chemical properties than those of building units6. It is common for the geometries of 
metallo-supramolecular architectures to deviate from strict mathematical definitions of regular shapes 
due to crystal packing effects and molecular motion. It is therefore common in the literature to 
describe the geometry of a particular molecular architecture by the shape that it most closely 
approximates.  
 
The recent development in crystallography tools including home and synchrotron source and 
continued development of software enables the determination of atoms position within the crystal 
                                                 
*1 Part of section 1.3 and 1.6 are based on the book chapter Brock, A. J.; Al-Fayaad, H.; Pfrunder, M. C.; Clegg, J. K., 
Chapter 10 Functional Metallo-supramolecular Polyhedral Capsules and Cages. In Functional Supramolecular Materials: 
From Surfaces to MOFs, The Royal Society of Chemistry: 2017; pp 325-387.  
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lattice from many sample previously though impossible. Allowing the measurement of geometry of 
the constructed architectures on even the most challenging samples, allowing better understanding of 
how materials form, the intermolecular forces that shape the structures, the bond length, the size of 
the molecules, etc. Analysing this information helps the design and synthesis of the next generation 
of functional metallo-supramolecules7. Despite these advances, the important of laboratory-based 
methods to produce materials with better predictability and functionality to suit some industrial 
applications are still in ongoing challenge. 
1.1.1 Coordination Polymers and Metal-Organic Frameworks  
Coordination polymers are a class of metallo-supramolecular material that has received significant 
attention due to potentially useful properties such as regularity, porosity, robustness 8 and high 
surface-areas, 9 as well as complexity arising from interpenetration. 8 These properties lead to a wide 
range of applications including catalysis, gas separation, purification, storage10-11, drug delivery12 and 
even for water harvesting13. Metal-organic frameworks (MOFs) are infinite, uniform framework 
structures formed from organic linkers and metal ions (or metal-containing clusters) which are 
permanently porous one (1D), two (2D) or three-dimensional (3D) networks 10, 14-17. This definition 
was only recently amended to distinguish MOFs from the more general class of coordination 
polymers 18-20. Although these materials have been known since the discovery of Prussian Blue in the 
early 18th century 19, it is generally accepted that the first designed 3D MOFs were presented in 1989 
by Hoskins and Robson (Figure 1-1)10, 21-23 and ‘metal organic frameworks’ (MOF) was termed by 
Yaghi in 1995 to describe these porous materials24. In addition to unusual physical properties, MOFs 
can be readily designed from first principles and are highly modular materials. For example, the 
organic ligands employed are often relatively simple and can be tailored through standard organic 
protocols 10. In order to enhance the binding selectivity of MOFs, there has been an increased focus 
on the incorporation of variety of functional groups such as, amines or hydrogen bonding 
functionality into metal-organic frameworks to enhance the selective absorption of particular gases 
such as hydrogen or carbon dioxide 18, 25-28. Therefore there are many metal organic frameworks have 
been reported since the discovery of MOFs to the recently reported multicomponent MOF such as 
MUF-8 and MUF-3229-32 and more reviews have been published about these materials and their 
application7, 10, 17, 33-35.  
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Figure 1-1: The molecular structure of Hoskins and Robson’s first reported MOF from the 
determined crystal structure. 
1.1.2 Metallo-Supramolecular Polyhedra  
Metallo-supramolecular polyhedra have drawn the attention of chemist since they discovered in the 
1980s36 for many reasons. Firstly, as they form various coordination geometries (tetrahedral, square 
planar, octahedral etc.) with organic ligands in which the donor atoms are arranged to produce binding 
modes with controlled directionality, a wide range of high symmetry cages and capsules can be 
prepared. Secondly, the careful design of the organic components and judicious choice of metal ions 
could be used to control the size, shape and symmetry of the resulting multi-nuclear architectures.  
The majority of metallo-supramolecular capsules and cages so far produced have geometrical features 
that resemble polyhedra, that is, they are three-dimensional objects composed of flat polygonal faces 
joined by straight edges and vertices. In simple terms, therefore, a metallo-supramolecular polyhedron 
is produced when the reaction of metal ions and bridging ligands produces a polymetallic complex 
where the arrangement of apex positions defines a polyhedron. The apices of the assembly may be 
defined by either metallic or organic components. Metallo-supramolecular capsules and cages can 
therefore be considered a sub-class of metallo-supramolecular polyhedra where the internal cavity of 
the polyhedron is of sufficient size to be accessible to a smaller molecule1, 37-39. There are many 
strategies have been used to construct metallo-supramolecular polyhedra including “metal-directed”, 
“symmetry interaction”, “coordination vectors” and “metallo-ligand”19, 40. While each of these design 
methods have subtle differences, each can be reduced to the consideration of the summation of the 
inherent steric, electronic, geometric and chemical information present in each of the sub-components 
which come together to form the desired architecture. Or, to put it in another way, molecular 
components (i.e. metals and ligands) are selected such that after combination they will confer the 
symmetry elements of the point symmetry of the desired polyhedron. For example, a tetrahedron can 
by constructed by incorporating metals and ligands that will give rise to the production of the 
36 
 
necessary combination of C2 and C3 axes of tetrahedral point groups. By extending this approach, a 
wide variety of geometric architectural types, including tetrahedra, cuboids, cubes, spheres and 
prisms, have been produced (Figure 1-2).  
 
Figure 1-2: The molecular structure of a icosidodecahedron [M30L60] cage from the determined 
crystal structure41.   
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1.2 Chirality in Metallo-Supramolecular Chemistry  
Chirality is an inherent property of many materials. Geometrically, a molecule has chirality, if it has 
a non-superimposable mirror image 42. Chirality is most often considered to arise either from the 
presence of an organic stereocentre, from the arrangement of ligands around a metal atom or from 
bond rotation. The chirality in solid networks introduces either from chiral organic linker or from the 
chiral arrangement of the achiral components around the metal centre in the crystal lattice17. In 
crystallography, there are 230 allowed space groups 65 of them are chiral and when the chiral 
networks crystallise in the same handedness the networks called homochiral networks43-46. 
Chirality in metallo-supramolecular can be introduce in many ways: (i) from the arrangement around 
the metal centres. (ii) from chiral bridging ligand. (iii) from chiral auxiliary ligand. (iv) from chiral 
guest molecules (v) from ligand twisting due to steric constrains (vi) or a combination of more than 
one source37.  
1.2.1 Chiral coordination polymers and MOFS from design to synthesis  
The importance of homochiral coordination polymers has increased due to their potential applications 
in many fields such as enantioselective separation, catalysis, magnetism, non-linear optics and chiral 
recognition47. Even though there are vast number of networks constructed from chiral components, 
some of them still crystallise in achiral space groups and form racemic mixtures. Due to the 
importance of homochiral frameworks, this section will focus on homochiral networks48. Whilst 
coordination polymer networks consist of organic and inorganic components, chiral coordination 
therefore, can be constructed through four main strategies based on their components (Figure 1-3)17, 
49: 
1- Spontaneous resolution: bulk homochiral networks can be synthesised from achiral 
precursors, however the product sometimes be a racemic mixture. This could be bring under 
control or improve the yield of the one enantiomer over the other either by using one 
enantiomer species as a seeding centre or by template the crystallisation by auxiliary species 
to produce homochiral networks without incorporating this auxiliary species in the final 
product.  
2- Introducing chiral co-ligands to the metal centre: the chiral co-ligands such as amino acids or 
any chiral organic ligands could be link to the achiral metal-ligand cluster to turn these cluster 
to homochiral.  
3- Using chiral ligand: this method could be the most direct and efficient approach to generate 
homochiral networks, however it is harder and usually costly to synthesis these chiral ligands. 
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4- Post synthetic modification: the chirality could also be introduce to the coordination polymers 
through the post synthesis approach. After synthesising achiral frameworks stereogenic centre 
introduces through additional functionality in the networks.  
Some examples and more details about each approach will be discussed below47, 49. 
 
Figure 1-3: Scheme illustrate the main approaches to synthesis chiral coordination polymer. 
1.2.1.1 Spontaneous resolution and Symmetry breaking approach  
This strategy relies on the spontaneous formation of chirality within the target networks via resolution 
during crystal growth. Spontaneous resolution which also known as symmetry breaking takes place 
during crystallisation process of achiral precursor (achiral organic ligand and metal ion) to form 
homochiral crystal47, 50. Although this method has some advantages including using achiral ligands 
which often require less laborious synthesis and are typically cheaper than using chiral precursors, 
the resulting MOFs are racemic in the bulk phase. For example, Robson and co-workers reported a 
3D chiral coordination polymer from the reaction of achiral tris-4-pyridyl-1,3,5-triazine (Figure 1-4 
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A) ligand and NiII. However both the right and the left handed isomers exist in the bulk product 
(Figure 1-4 B)51.  
 
Figure 1-4: A is the ligand tris-4-pyridyl-1,3,5-triazine. B is the molecular structure of one isomer 
of the 3D coordination polymer from the determined crystal structure synthesised from tris-4-
pyridyl-1,3,5-triazine ligand and NiII (hydrogen atoms and solvent molecules were removed for 
clarity).  
Sun and co-workers reported an example of constructing chiral coordination polymers [Cd(tipa)(µ3-
OH)·NO3·EtOH·DMF] from achiral precursors tris(4-(1H-imidazol-1-yl)phenyl)amine (tipa) (Figure 
1-5 A) through spontaneous resolution approach. Even though both enantiomers Λ and Δ 
characterised by single crystal X-ray diffraction, there is no evidence of separating these enantiomers 
from the racemic mixture (Figure 1-5 B)52. Racemisation can sometimes be overcome by different 
methods such as seeding and templating: 
 
Figure 1-5: A is the chemical structure of tris(4-(1H-imidazol-1-yl)phenyl)amine. B is the 
molecular structure of Λ and Δ isomers of the coordination polymer [Cd(tipa)(µ3-
OH)·NO3·EtOH·DMF] from the determined crystal structure (hydrogen atoms were deleted for 
clarity). 
B A 
tri-4-pyridyl-135-triazine 
A B 
tipa 
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1.2.1.1.1 Seeding  
Seeding is one of the most common processes that explains the spontaneous production of homochiral 
crystals from achiral precursors. The homochiral seed crystals direct the crystal growth process to 
generate homochiral crystals47, 53. Although this approach has been used to crystallise chiral organic 
molecules since 190854 55, the mechanism is still not fully understood47. Perhaps one of earliest 
example of the preparation of a chiral coordination polymer from achiral ligand was reported by 
Robson and co-workers. Even though the report did not assign the method that used to break the 
symmetry of the resulting network, a homochiral 3D coordination polymer was successfully prepared 
from the coordination of CdII  tricyanomethanide ion (tcm) (Figure 1-6 A) and tetramethyl borate 
which was unexpected product of tetraphenyl borate during the synthesis. The resulting three-
dimensional coordination polymer crystallised in the chiral P6122 space group (Figure 1-6 B)
56.  
 
Figure 1-6: A is the chemical structure of tricyanomethanide (tcm). B is the molecular structure of 
a 3D chiral coordination polymer synthesised from CdII tricyanomethanide and trimethyl borate 
from the determined crystal structure (hydrogen atoms and solvent molecules were deleted for 
clarity).  
The synthesis of three-dimensional coordination polymers by spontaneous resolution from achiral 
ligands is not very common57. For instance, three-dimensional networks (Figure 1-7 B) prepared from 
a solvothermal reaction of achiral ligand (2-amino-5-mercapto-1,3,4-thiadiazole) (Figure 1-7 A) and 
zinc acetate in water58.  
 
 
A 
B 
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Figure 1-7: A is the structure of the ligand (2-amino-5-mercapto-1,3,4-thiadiazole). B is the 
molecular structure of a 3D coordination polymer from the determined crystal structure that 
synthesised by spontaneous resolution (hydrogen atoms were deleted for clarity) 
Although the process of symmetry braking during crystallisation is not fully understood, some 
physical or mechanical factors may contribute. For example, continuously stirring a mixture of (1-(2-
(dimethylamino)ethylimino)ethyl)naphthalen-1-ol (Figure 1-8 A), cyanate and copper(II) produces 
homochiral helical coordination polymer and all the crystals are in the same handedness (Figure 1-8 
B). This process sometimes called secondary nucleation59.  
 
Figure 1-8: A is (1-(2-(dimethylamino)ethylimino)ethyl)naphthalen-1-ol ligand. B is the molecular 
structure of a chiral 1D coordination polymer from the determined crystal structure (hydrogens 
were deleted for clarity) 
Light has been shown to improve symmetry breaking. For example in 2014 Wu et al. reported the 
controlling of the handedness of a previously reported 3D networks60 by using circularly polarised 
light in the visible region during the synthesis. They infer that this mean of irradiation has the ability 
to influence and control the chirality61.  
1.2.1.1.2 Templating  
In this approach a competitive chiral or achiral ligand used to template the achiral precursors to form 
homochiral products without incorporating the templating ligand in the final product. In other words, 
the crystallisation process of achiral reactants influenced by a competitive auxiliary species to direct 
the crystallisation process toward producing homochiral crystals without incorporation these 
A B 
A B 
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competitive species in the final product. For example Wu and coworkers crystallised chiral 3D 
network [Cu(succinate)(4,4´-bipyridine)]n∙(4H2O)n in the presence of ammonia as a competitive 
ligand. However when Zheng and Kong coordinated the achiral ligands (succinate and 4,4´-
bipyridine) with Cu2+ a racemic mixture of 3D networks was produced (Figure 1-9)62. While adding 
ammonia to the mixture improve the formation of single handed network. The researchers suggested 
that the ammonia will react with Cu2+ first and generate [Cu(NH3)]
2+ slowing the reaction with the 
ligands and producing crystals with single handedness. Increasing the concentration of ammonia 
improves the formation of homochiral networks, however the direction of the handedness still 
unpredictable. Increasing the concentration of ammonia results in changing the pH of the mixture so 
the effect of the pH on the symmetry braking process cannot be neglected60.  
 
Figure 1-9: the molecular structure of [Cu(succinate)(4,4´-bipyridine)]n∙(4H2O)n (hydrogen atoms 
and solvent molecules were omitted for clarity). 
An interesting example of using L-aspartate as an anion template to introduce the chirality to three-
dimensional networks was reported by Morries’ group. The chiral three-dimensional metal organic-
frameworks SIMOF-1 with the formula of ((BMIm)2[Ni(tma-H)2(H2O)2], were BMIm is 1-butyl 3-
methylimidazolium L-aspartate which was used as ionic liquid and (H3tma) is benzene-1,3,5-
tricarboxylic acid (Figure 1-10 A). The octahedral NiII coordinated to four oxygen from tma and two 
water molecule to form three-dimensional networks which accommodate 1-butyl 3-
methylimidazolium as a guest molecule while the L-aspartate works as template to influence the 
chirality without engaging in any coordination (Figure 1-10 B). When L-aspartate was exchanged 
with D-aspartate the same coordination polymer was produced with opposite handedness. To confirm 
the role of the aspartate as chirality template the synthesis was repeated without L-aspartate, the result 
was achiral three-dimensional coordination polymer SIMOF-2 ((BMIm)2[Ni3(tma-H)4(H2O)2]
63.  
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Figure 1-10: A is the structure of benzene-1,3,5-tricarboxylic acid. B is the molecular structure of 
SIMOF-1 from the determined crystal structure (hydrogens were removed for clarity). 
The chiral coordination polymer (ME2NH2)[In(thb)2]·xDMF prepared from achiral ligand thiophene-
2,5-dicarboxylic acid (H2thb) and the handedness of the network was controlled by chiral alkaloid 
molecule. When a catalytic amount of (+) cinchonidine was added during the network synthesis 
results in (+) coordination polymer and (-) networks produced upon adding (+) cinchonidine without 
including the cinchonidine in the final structure. While both right and left handed network exist in 
the product when the synthesis repeated without adding chiral alkaloid (Figure 1-11)64.  
 
Figure 1-11:A is the structure of (+) and (-)- cinchonidine. B is the molecular structure of 
[In(thb)2] from the determined crystal structure (hydrogen atoms and solvent molecules were 
deleted for clarity).  
Similarly, the handedness of the coordination polymer Ag-TPHA (where TPHA is tris(4-(1-(2-
pyridin-2-ylhydrazono)ethyl)-phenyl) amine) (Figure 1-12 A) was controlled by the same alkaloid. 
The (+)-coordination or (-)-coordination temple the formation of the homochiral network without 
incorporating in the final structure (Figure 1-12 B)65.  
A B 
H3tma 
B A 
H
2
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Figure 1-12: A is the structure of tris(4-(1-(2-pyridin-2-ylhydrazono)ethyl)-phenyl) amine). B is the 
molecular structure of a chiral coordination polymer Ag-TPHA from the determined crystal 
structure (hydrogen atoms and other guest molecules were deleted for clarity).  
Following the same idea of using chiral molecule to control the chirality of chiral coordination 
polymer. Asymmetric crystallisation of (-)- or (+)-[Co(bdc)(e-urea)]·(e-urea) was achieved by using 
(-)- carvone or (+)- carvone as co-solvent and chirality template to direct the handedness of the 
resulting 3D homochiral coordination polymer without incorporating in the final product. Under a 
urothermal condition the achiral ligand 1,4-benzenedicrboxylic (bdc) acid was reacted with cobalt 
nitrate. Achiral solid ethyleneurea (e-urea) hemihydrate used as solvent because it melts at 55°C and 
it behave as co-ligand when it coordinated to the metal in the final structure. While (-)- carvone or 
(+)- carvone was add as chiral co-solvent and a catalyst to direct the chirality of the network. The 
resulting network has the same handed of the co-solvent that used in the reaction. However, when 
(+)-camphor was used instead of (+)- carvone the network results in bulk racemic mixture(Figure 
1-13)66. 
A B 
TPHA 
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Figure 1-13: Reaction diagram to synthesis chiral [Co(bdc)(e-urea)]·(e-urea)  
D or L- camphoric acid was employed to catalyse the symmetry breaking process during the 
crystallisation of the one-dimensional coordination polymer [Mn3(HCOO)4(adc)] without 
incorporating any camphoric acid in the resulting network. Adding D and L camphoric acid to the 
mixture of achiral adamantane-1,3-dicarboxylic acid (H2adc) (Figure 1-14 A) with manganese cation 
produced a racemic conglomerate. However, adding (-)-camphoric acid or (+)- camphoric acid to the 
network during the synthesis aids the symmetric crystallisation generating an enantiopure 
coordination polymer with the handedness directed by the camphoric acid (Figure 1-14 B). It is worth 
noting that repeating the reaction without adding camphoric acid results in different network 
indicating that the camphoric acid not only templates the chirality but also influences the coordination 
reaction. Researchers suggested that during the nucleation the camphoric acid coordinates to the metal 
and acts as seeding centre, followed by ligand replacement with adc in the final step. To confirm this 
hypothesis glutamic acid which is similar in coordination geometry to adc been employed instead of 
camphoric acid. Interestingly, the L-glutamic acid directed the crystallisation toward forming the 
opposite handedness and Vis versa. Other amino acids such as L-alanine, L-histidine and aspartic 
acid were employed, however the homochirality templating were unsuccessful67.  
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Figure 1-14: A is the chemical structure of adamantane-1,3-dicarboxylic acid. B is the molecular 
structure of [Mn3(HCOO)4(adc)] from the determined crystal structure (hydrogen atoms were 
removed for clarity).  
Another example of symmetry breaking was demonstrated by the addition of L-N-tert-butoxy-
carbonyl-2-(imidazole)-1-pyrrolidine (L-BCIP) (Figure 1-15 A) to the solvothermal reaction of 
methylenediisophthalic acid (H4MDIP) (Figure 1-15 B) and cerium(III) nitrate hexahydrate. The 
asymmetric unit consist of one cerium ion and one ligand (HMDIP) and one water molecule (Figure 
1-15 C). The chirality of the resulting homochiral 3D network Ce-MDIP1 and MDIP2 confirmed by 
measuring solid state circular dichroism and analysing the crystal structures which crystallised in P21 
space group. These networks were suitable to catalyse the asymmetric cyanosilylation of aromatic 
aldehydes68. 
 
Figure 1-15: A is the chemical structure of methylenediisophthalic acid. B is the molecular 
structure of Ce-MDIP1 from the determined crystal structure (hydrogen atoms removed for clarity).  
1.2.1.2 Introducing chirality through a non-bridging chiral auxiliary  
The second approach relies on the incorporation of a chiral auxiliary ligand to introduce the chirality 
to the final networks. In this approach the chiral auxiliary coordinates to the metal ions in a chelating 
fashion without bridging them to form chiral metal centre, these metal centres are then usually 
connected by another organic ligands17, 63-64, 69. Alternatively, the chiral auxiliary can be incorporated 
into the final structure as guest molecule. Although any chiral ligand could be used as an auxiliary 
A B 
H2adc 
A B B 
L-BCIP 
H
4
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chelating ligand (and there are many chiral networks prepared by this method) amino acids and small 
chiral carboxylate based molecule are the most commonly used.  
1.2.1.2.1 Amino acids as chiral auxiliaries  
Amino acids are nature’s chiral building blocks. They have the ability to coordinate to metals through 
both their amino and carboxylic acid functional groups as well as any suitable side-chain 
functionality. In addition to their chirality, amino acids have flexible backbones that makes them 
suitable agents for constructing chiral coordination polymers in many different ways70 including 
coordinating the amino acid to the metal centre as a chelating non bridging ligands to form chiral 
clusters then usually these clusters linked by organic linkers.  
 
Amino acids have been used as auxiliary non bridging ligand to prepare chiral coordination polymers. 
For example. L-cysteate coordinates to CuII via bidentate chelating fashion auxiliary to form chiral 
subunits after which the bridge together through N-donor ligand 1,4-bis(imidazol-1-
ylmethyl)benzene (1,4-Bix) (Figure 1-16 A) to produce the chiral coordination polymer [CuII(L-
cysteate)(1,4-Bix)(H2O)]·H2O (Figure 1-16 B)
71.  
 
Figure 1-16: A is the structure of 1,4-bis(imidazol-1-ylmethyl)benzene. B is the molecular structure 
of [CuII(L-cysteate)(1,4-Bix)(H2O)] from the determined crystal structure (hydrogen atoms and 
solvent molecules were removed for clarity).  
Amino acid derivatives have also been used in this way. This chira [CuII(L-ala)2(4,4´-
bipy)(H2O)2]·4.25H2O network is an example. In this network, copper(II) coordinates to two of chiral 
ligand L-alanine containing 1,8 naphthalimide (Lala) (Figure 1-17 A) ligand in a monodentate fashion 
along with two water molecules producing chiral clusters. These clusters linked together through the 
coordination of 4,4´-bipyridine (4,4´-bipy) axially to the metal centre to form 1D chains which 
extended to 2D networks by hydrogen bonding and to 3D network by additional π-π stacking(Figure 
1-17 B)72.  
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Figure 1-17: A is the ligand (S)-2-(4-((1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)methyl)-1H-
1,2,3-triazol-1-yl)propanoic acid. B is the molecular structure of [CuII(L-ala)2(4,4´-bipy)(H2O)2] 
from the determined crystal structure (hydrogen atoms and solvent molecules were omitted for 
clarity). 
Recently, Telfer and co-workers incorporated N-protected (S)-proline to the multicomponent metal-
organic frameworks MUF-77. The N-protected (S)-proline was incorporated to the organic ligands 
through peptide coupling after which these ligands were used to construct the modified 
multicomponent proline-based MUF-77 [Zn4O(bdc-Pro-Boc)0.5(bpdc)0.5(hmtt)4/3] and 
[Zn4O(bdc)0.5(bpdc-Pro-Boc)0.5(hmtt)4/3] where bdc is 1,4-benzenedicarboxylate, Pro is (S)-proline, 
Boc is tert-butyloxycarbonyl, bpdc is 4,4´-biphenyldicarboxylate and hmtt is 5,5,10,10,15,15-
hexamethyltruxene-2,7,12-tricarboxylate (Figure 1-18). Even though an enantiopure (S)-proline was 
used, the resulting metal-organic frameworks crystallised in Pm͞3 and the proline did not engage in 
metal coordination before and after the deprotection. The proline was deprotected through post 
synthetic modification by heating the frameworks at 200° C. These proline based networks have been 
used to catalysis aldol reaction73.  
 
Figure 1-18: The chemical structures of the organic ligands that used to construct the 
multicomponent proline based MUF-77. 
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1.2.1.2.2 Other chiral auxiliaries  
Other chiral molecules have also been used in a chelating fashion to introduce the chirality to 
coordination polymers. Perhaps one of the earliest examples of controlling the chirality of metal-
organic frameworks by using a non-bridging alcohol and heterocyclic pyridine was reported by 
Rosseinsky. The general formula of the networks is M3(btc)2X6Y3·[guests] were M is Ni
II or CoII, btc 
is 1,3,5-benzenetricarboxylate (Figure 1-10 A), X is heterocyclic pyridine and Y is a bidentate alcohol 
such as propan-1,2-diol or ethyleneglycol. Even though both NiII networks formed (10,3)-a twofold 
interpenetrated structures, the network prepared from propane-1,2-diol forms a single-handed chiral 
network while ethyleneglycol does not. The octahedral metal centre is coordinated to two bridging 
tricarboxylate ligands to form the network connection while the chirality introduced through the 
coordination of one bidentate alcohol and two pyridine molecules to the metal centre (Figure 1-19)74. 
Replacing pyridine with 3-picoline forms permanently pours networks. Chiral separation using these 
networks was investigated (see below)75.  
 
Figure 1-19: The molecular structure of NiII3(btc)2(3-pincoline)6 (propane-1,2-diol)3 from the 
determined crystal structure (hydrogen atoms and guest molecules were deleted for clarity).  
Two chiral 1D coordination polymers were prepared following this approach by using a chiral chelate 
Schiff base with copper(II) and dicyanamide. The R or S isomer of the Schiff base coordinates to 
copper(II) as a bidentate chelate while the dicyanamide ligand bridge the copper clusters to form the 
backbone of the α-helices. The chirality was introduced to the coordination polymer through the 
auxiliary co-ligand Schiff base (Figure 1-20)76.  
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Figure 1-20: A) is the structure of R-Schiff base chelate. B) is structure of S-Schiff base chelate. C) 
is the molecular structure of the chiral coordination polymer from the determined crystal structure 
(hydrogen atoms were removed for clarity). 
1.2.1.2.3 Chiral molecules as guests  
This approach relies on the introduction of chirality through a chiral guest molecule. This guest 
molecule is incorporated into the final structure of the network through hydrogen bonds, halogen 
bonds or van der Waals interaction without any coordination to the metal. For example, reacting (1,2-
bis(4-pyridylmethylamino)-ethane) (L) with Zn(ClO4)2 under mild condition results in achiral 
coordination polymer, the spaces between the polymer layers filled with disordered ClO4
- anions. The 
chirality introduced to this network by incorporating L-pyroglutamate as guest molecule which was 
interacted with ClO4
- anions to fill the space between the metal-organic framework layers 
[Zn(L)(H2O)2·S·ClO4·3H2O] (Figure 1-21)
77.  
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Figure 1-21: Crystal structure of chiral metal-organic framework of [Zn(L)(H2O)2·S·ClO4·3H2O] 
(hydrogen atoms were removed for clarity). 
1.2.1.3 Chiral bridging ligands  
The third strategy for preparing chiral MOFs is through the use of chiral bridging ligands such as 
amino acids or other chiral carboxylates to introduce chirality to the network 17, 78. This method not 
only ensures the chirality in the produced MOFs, but also offers a flexibility to design ligands with 
various functional groups for different applications 17, 69.  
 
One of the earliest example of this approach is the synthesis of two-dimensional chiral metal-organic 
frameworks from chiral ligand is D-POST-1 and L-POST-1. The chiral ligand 1 (Figure 1-22 A) was 
synthesised from L or D- tartaric acids which was reacted with ZnII to form the 2D networks. In these 
chiral MOFs the secondary subunits consist of three zinc(II) ions coordinated with six carboxylate 
groups from the chiral ligand and interconnected through three µ3O. These chiral subunits bridged by 
the pyridyl group from the ligand to extend the structure to 2D networks with a general formula of 
[Zn3(µ3-O)(1-H)6]·2H3O·12H2O (Figure 1-22B). Even though there is no evidence of any counter 
ions to balance the +2 overall charge of the networks. It has been claimed that two of the pyridyl 
groups are protonated which was confirmed by elemental analysis. These protons was exchanged 
with K+ and Na+ and employed in chiral separation application and catalysis applications79. 
L-pyroglutamate 
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Figure 1-22: A is the chiral ligand 1. B is the molecular structure of the chiral networks D-POST-1 
from the determined crystal structure (hydrogen atoms and solvent molecules were deleted for 
clarity) 
In another example, the chiral ligand (R)-6,6´-dichloro-2,2´-dihydroxy-1,1´-binaphthyl-4,4´-
bipyridine (L) (Figure 1-23 A) was coordinated to Cd+2 to introduce homochiral 3D MOFs. The 
crystal structure reveals that this MOF crystallised in P1 space group where the octahedral CdII centre 
connected by chlorides to form 1D zigzag subunits. These subunits linked through the coordination 
of the axial pyridyl from the ligand to form the three-dimensional MOF (Figure 1-23 B). Two of the 
ligand interact with each other through strong hydrogen bonds and π-π interaction while the hydroxyl 
group from the third ligand is free and pointing toward the void space which form about 54.4% of the 
unit cell. The free hydroxyl was then reacted with Ti(OiPr)4 to generate in cavity catalytic centre for 
chiral secondary alcohol80.  
 
Figure 1-23: A is the chiral ligand L. B is the molecular structure of the chiral MOF 1 from the 
determined crystal structure (The hydrogens and solvent molecules were deleted for clarity)  
Recently, the chiral isophthalate based ligands R,R-L1 and S,S-L3 were reacted with ZnII and CuII to 
form chiral porous materials (Figure 1-24). The crystal structure of both [Zn2(R,R-L1)(H2O)] and 
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[Zn2(S,S-L3)(H2O)] form three-dimensional isostructural materials where ligands coordinated with 
ZnII in a paddlewheel fashion. Even though there is no crystal structure for the copper(II) coordination 
polymer, the gas sorption study on the microcrystalline powder shows permanent porosity adsorbing 
CO2 at 195 K unlike the Zn
II coordination polymers which they were unstable under the activation 
step. The enantioselective separation on the copper(II) complexes reveals that 66% of L-tryptophan 
adsorb on Cu - (S,S-L3) over D- tryptophan while Cu - (R,R-L1) did not adsorb any enantiomer
81.  
 
Figure 1-24: The chemical structure of the chiral isophthalate based ligands. 
Due to steric constrains chirality can be introduced to the coordination polymers through ligand 
twisting (axial chirality). Even though this approach could be considered as spontaneous resolution 
method, it has reported under this section because it is not very clear whether the twisting has taken 
place during the coordination reaction or the ligands twisted beforehand.  
 
For example, Aoyama and co-workers synthesised Homochiral 1D coordination polymer from 
reacting 5-(9-anthracenyl)pyrimidine ligand with cadmium nitrate in ethanol – water mixture (Figure 
1-25 A). This polymer crystallises in the P21 space group where the two pyrimidine rigs twist to 
introduce the chirality to structure (Figure 1-25 B). The final crystals were homochiral because the 
racemization overcomes by seeding process where the first nucleus works as seeding centre to direct 
the crystallisation process toward the homochirality. However the orientation of the chirality is 
unpredicted and determined “by chance” as the researchers described, because when the synthesis 
was repeated, in some cases they obtained positive homochiral crystals while some experiments 
produced negative homochiral crystals82. 
 
S,S-L3 R,R-L1 
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Figure 1-25: A is the structure of the ligand 5-(9-anthracenyl)pyrimidine. B is the molecular 
structure of [Cd(5-(9-anthracenyl)pyrimidine)(NO3)2(H2O)(EtOH)] from the determined crystal 
structure (hydrogen atoms and solvent molecules were deleted from the structure for clarity).  
Another interesting finding reported by Telfer and co-workers was that the chirality and the level of 
interpenetration can be controlled by the reaction conditions including solvent type, solvent amount 
and reaction time. A series of novel homochiral and racemic mixtures of MUF-9 and MUF-10 were 
synthesised by reacting zinc nitrate and range of biphenyl-4,4´-dicarboxylic acid (H2bpdc) with 
phenyl-substituted diazocine bridge (H21) (Figure 1-26). The chirality of the ligands shapes from the 
twisting along the long axis of the ligands83.  
 
Figure 1-26: The chemical structures of the enantiomers of biphenyl-4,4´-dicarboxylic acid 
(H2bpdc) with phenyl-substituted diazocine bridge ligands (H21)  
In 2017 Bharawaj and co-workers reported a synthesis of chiral metal-organic framework 
[Cd2(L)(H2O)(DMF)]n·3DMF·2H2O (where L is bis[4-(3,5-dicarboxyphenyl)-1H-3,5-
dimethylpyrazolyl]methane) (Figure 1-27) The chirality was introduced from twisting V-shaped 
ligand and due to the coordination of bis (pyrazole) to the metal centre which make the rotation is 
prohibited so the ligand confirm one position. The 1D MOF shows stability to the removal of the 
coordinated water and solvent molecules to form a desolvated network84.  
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Figure 1-27: The molecular structure of [Cd2(L)(H2O)(DMF)] from the determined crystal 
structure (hydrogen atoms and guest molecules were omitted for clarity).  
1.2.1.3.1 Amino acids as chiral bridging ligands  
Amino acids have been reported as chiral ligand to construct chiral coordination polymers. 
Dicarboxylate amino acids are commonly used in this approach by coordinating to the metal ion as 
bidentate ligand or tridentate ligand when the amino group engage in the coordination. For example, 
L-aspartic acid used to synthesis homochiral 1D coordination polymers [Ni2O(L-
Asp)(H2O)2]·4H2O
85 after which was extended to 3D homochiral network [Ni2.5(OH)(L-
Asp)2]·6.55H2O
86 through bridging the 1D helices with [NiAsp2]
2-. In both networks the L-aspartate 
behave as tridentate ligand when two carboxylate and one amino groups coordinated to the Ni2+ to 
form chiral clusters which bridged by the same aspartate ligand.  
In the three-dimensional coordination polymer [Cobalt(II)L-glutamate(H2O)·H2O]∞, L-glutamate 
used as chiral tridentate ligand where it coordinated to the metal ion through two carboxylates and 
one amino group (Figure 1-28)87.  
 
Figure 1-28: Representation of the crystal structure of [CoII(L-glutamate)(H2O)·H2O]∞ (hydrogen 
atoms and solvent molecules were removed for clarity)  
In some chiral networks amino acids have been used as bridging ligands alongside another bridging 
ligand. Rosseinsky and co-workers used L-aspartic with NiII to form chiral subunit of Ni(asp)·3H2O 
and these subunits were bridged by 4,4´-bipyridine produce chiral pillared one-dimensional 
coordination network of [Ni2(L-asp)2(bipy)]. In this network, the chiral subunits Ni(asp)·produced 
from octahedral nickel centre coordinated to two oxygens and one nitrogen from tridentate aspartate 
and to two oxygens from two aspartate anion to be linked with other nickel through monodentate 
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fashion to form six and five chelate chiral subunit. The nickel centres in these subunits coordinates 
to the nitrogen from 4,4´-bipyridine to construct the chiral pillared framework (Figure 1-29)88. 
Protonating this framework with hydrochloric acid forms Ni(L-asp)2(bipy)0.5(HCl)0.9(MeOH)0.5 
which was employed as Brønsted acidic catalyst to catalyse the methanolysis of rac-propylene oxide 
and compare the catalysis activity with Cu(asp)L0.5(guests) were L is ether 4,4´-bipyridine(bipy) or 
4,4´-bipyridylethene (bpe), however the network [Cu2(L-Asp)2(bpe)] has better catalysis efficiency 
due to its larger porosity89. 
 
Figure 1-29: A is the representation of the crystal structure of [Ni2(L-asp)2(bipy)] pillaret and B is 
the crystal packing of [Ni2(L-asp)2(bipy)] (hydrogen atoms and solvent molecule were removed for 
clarity  
The same approach was used to produce wide range of porous chiral coordination polymer by using 
different amino acids anions such as (L-cysteate, L-aspartate, D-aspartate ,L-tryptophanato and L-
tryptophan) as bridging ligand alongside with variety of pyridine based ligands(Figure 1-30)71, 90-95.  
 
Figure 1-30: Structures of bridging ligands used alongside with chiral amino acid to construct 
chiral coordination polymer 
Monocarboxylate amino acids have been employed, in limited number of reports, as bridging chiral 
ligands. For example, L-proline (L-Pro) have been used as bridging ligand alongside with 4,4´-
bipyridine (4,4´-bipy) to construct two 2D chiral nonporous coordination polymers. In the first 
network [Cd(NO3)(L-Pro)(bipy)]n the nitrogen from L-proline ligand coordinate to octahedral 
cadmium centre while the mono(bidentate) carboxylate group bridge the cadmium centres to form 
one-dimensional chiral chains. These chains then connected together through the bipyridine ligand to 
A B 
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form the chiral pillared MOFs (Figure 1-31-A). The cadmium centre coordinate to monodentate NO3
- 
anion which hydrogen bonded with NH from the L-proline this gives extra stability to the resulting 
coordination polymer. While in the second the zwitterionic proline (H-Pro) coordinated to the 
octahedral zinc through one oxygen in µ2-fashion to link the metal centre while the protonated 
nitrogen unengaged in the coordination and forms only hydrogen bonds with water molecule. The 
metal centres also bridge through F- to form one 1D chiral chains which link together through 
bipyridine ligand to produce cationic 2D coordination polymer [Zn(µ-F)(H-Pro)-
(bipy)]n
n+[BF4]n·n(H2O) (Figure 1-31-B)
96.  
 
Figure 1-31: A is the representation of the crystal structure of [Cd(NO3)(L-Pro)(bipy)]. B is the 
representation of the crystal structure of [Zn(µ-F)(H-Pro)-(bipy)]. (hydrogen atoms, solvents and 
guest molecules were omitted for clarity.  
Dipeptides have been used as chiral ligand to increase the binding sites of the amino acids especially 
the monocarboxylate amino acids. From the above examples, amino acids with bicarboxylate such as 
glutamic acids or camphoric acids increase the connectivity of the resulting coordination polymers 
which often lead to functional networks. For example Rosseinsky and co-workers reported chiral 
coordination polymer constructed from the glycine-alanine (Gly-Ala) dipeptide and zinc (II) [Zn(Gly-
Ala)2]. The tetrahedral zinc coordinates to two monodentate carboxylate from alanine C-terminal and 
to two amine groups from glycine N-terminal to form (4,4)-sheets that arrange in AA fashion in the 
third dimension(Figure 1-32)97. The dipeptide could be synthesised from the same amino acid and 
could also include more than two amino acids to form multi-peptide98.  
A B 
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Figure 1-32: Representation of the crystal structure of [Zn(Gly-Ala)2].(hydrogen atoms and solvent 
molecules were deleted for clarity). 
In the second approach, the amino acids coupled through the N-terminal in NH-CO-CO-NH fashion 
to from oxalyl retro-peptide. This class of dipeptide often coordinate to the metal centre through the 
carboxylate from the C-terminal and also to oxygen and nitrogen from the amide bonds. Similar to 
the amino acids oxalyl retro-peptides can coordinate to metal ions as a bridging ligand or be combined 
with an additional spacer ligand. Perhaps one of the earlier examples of using oxalyl retro-peptide as 
a bridging ligand was demonstrated by Manoharan and co-workers. The oxalyl retro-peptide Aib-
COCO-Aib coordinated to CuII to construct two-dimensional coordination polymer [Aib-COCO-
Aib]Cu2(Figure 1-33)
99. Another example of four 3D chiral coordination polymers constructed from 
CuII and oxalyl retro-peptide combined with 4,4´-bis-3,5-dimethylpyrazole as spacer bridging ligand. 
In the these networks the oxalyl retro-peptide OBAla, OBVal, OBPhe and OBLeu were synthesised 
from alanine, valine, phenylalanine and leucine respectively(Figure 1-33)100.  
 
Figure 1-33: Examples of oxalyl retro-peptide that been used to construct chiral coordination 
polymers. 
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1.2.1.3.2 Amino acids derivatives as chiral ligand  
Using amino acids as building blocks to construct coordination polymer results in insufficient rigidity 
and porosity for specific application. This perhaps due to lack of coordination donors or due to the 
softness of amino acids backbones. There are several solution to overcome these issues, one of the 
most reported method is by linking amino acids to other organic molecules to form a rigid ligands 
with sufficient binding cites capable of generating rigid and porous coordination polymers70, 101.  
One of the most common approaches is by incorporating the amino acid to another functional 
molecule through peptide coupling. For example, N-benzoyl-L-glutamic acid (H2bzgluO) employed 
as bridging ligand alongside with 1,3-bis(4-pyridyl)propane (bpp) or 4,4´-bipyridine (4,4´-bipy) 
(Figure 1-30) to construct chiral coordination networks [Zn(bzgluO)(bpp)]n·1.75nH2O and 
[Zn(bzgluO)(4,4´-bipy)0.5]n. In the first network the N-benzoyl-L-glutamate (bzgluO) (Figure 1-34 
A) behave as bis (monodentate) ligand to bridge two tetrahedral zinc centre to form left handed one-
dimensional sheet which they connect together through the 1,3-bis(4-pyridyl)propane to form 2D 
chiral network (Figure 1-34 B). While in the second framework the tetrahedral zinc centre coordinate 
to three bis (monodentate) benzoyl-L-glutamate to bridge the zinc centre in two-dimensional sheet 
which they connect by the 4,4´-bipyridine to construct three-dimensional coordination 
network(Figure 1-34 C)102.  
 
Figure 1-34: A is N-benzoyl-L-glutamamic acid. B is the representation of the crystal structure of 
[Zn(bzgluO)(bpp)]n.. C is the representation of the crystal structure of [Zn(bzgluO)(4,4´-bipy)0.5]n 
(Hydrogen atoms and solvent molecules were omitted for clarity). 
Similarly, the amino acid derivative (+)-N-p-tolylsulfonyl-L-glutamate (tsgluO) was used as a 
bridging ligand to construct the chiral networks [Ni(tsgluO)(2,4-bipy)2(H2O)2]n, [Co(tsgluO)(2,4-
bipy)2(H2O)2]n and [Ni(tsgluO)(4,4´-bipy)]n. In these coordination networks the glutamate based 
ligand works as bidentate ligand to connect the metal centres which they, the metal centres coordinate 
to the other pyridine based ligand103. Following the synthesis path the amino acid derivative N-tosyl-
L-glutamic acid (H2tsgluO) (Figure 1-35 A) behave as bridging ligand with 4,4´-bipyridine to 
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construct three-dimensional chiral framework [Cu(tsgluO)(4,4´-bipy)1.5]n·2.7nH2O which was found 
hosting octameric water guest(Figure 1-35 B)104.  
 
Figure 1-35: A is the chemical structure of N-tosyl-L-glutamic acid. B is the representation of the 
crystal structure of [Cu(tsgluO)(4,4´-bipy)1.5]n (hydrogen atoms and water molecules were deleted 
for clarity).  
L-proline and L-alanine have also been reacted with isophthalic acid and benzoic acid. The resulting 
chiral amino acid based ligands used to construct porous chiral coordination polymers which they 
have been employed in enantioselective catalyse or enantioselective separation105-107.  
 
One of the notable approach to functionalise amino acids by adding another binding sites to increase 
the chiral ligand connectivity is by applying Schiff base chemistry. A wide range of amino acids such 
as alanine, aspartic acid, glutamic, asparaginic acid, methioninic acid, serine, valine, threonine, 
succinic acid and pentanedioic acid have been reacted with salicaldehyde, or pyridyl-derivetives 
followed by reduction to generate variety of chiral amino acid derived ligands (Figure 1-36). These 
ligands have been coordinated to metal ions as bridging ligand or combined with spacer ligand to 
construct a large library of 1D, 2D or 3D chiral coordination polymers108-117. 
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Figure 1-36: The structures of some examples of Schiff based-amino acids ligands used in the 
literature to construct chiral coordination polymers 
Increasing the length of the ligand has a potential effect on the properties of the resulting chiral 
networks such as the porosity and network dimensions. Longer spacers lead to larger distances 
between the binding sites which may lead to more porous networks. For example alanine (Ala), 
leucine (Leu) and phenyl alanine (Phe) have been linked to naphthalene and perylene core to synthesis 
amino acids –substituted nphthalenediimide (NDI) and perylenediimide (PDI)(Figure 1-37)118-120. 
Despite both alanine naphthalene diimide (AlaNDI) and leucine naphthalene diimide (LeuNDI) form 
1D→2D coordination polymers with similar composition poly [Cd2(AlaNDI)2(DMF)4] and poly 
[Cd2(LeuNDI)2(DMF)4], the bulkiness of the isobutyl group in leucine preventing it from forming 
poly catenanes differ from AlaNDI which forms linear chains that interlock perpendicularly. To 
overcome this 4,4´-bipyridine incorporated to the structure as spacer to solve the steric tension in the 
structure, however that forms interesting polyrotaxane structure where the isobutyl group in leucine 
preventing it from passing through the macrocycles to form the catenane. Even though the difference 
in length between naphthalenediimide and perylenediimide only 4 Å, this extra length was enough to 
form polycatenanes whine the ligand switched to LeuPDI.  
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Figure 1-37: Structure of some example of amino acids based-nphthalenediimide and amino acids 
based- perylenediimide 
The same principle demonstrated by Yaghi and co-workers by coupling L-aspartic acid to 1,4-
benzenedicarboxylic acid and with 1,1´-biphenyl-4,4´-dicarboxylic acid to produce ligands H4BDA 
and H4BPDA respectively. These ligand reacted with sodium hydroxide to construct rarely reported 
sodium based 2D MOF-705 [Na4(BDA)(CH3OH)(H2O)] and MOF-706 [Na4(BPDA)(H2O)2]. 
Despite MOF-706 has bigger unit cell it shows similar behaver to MOF-705 toward CO2 gas 
uptake121. Using multi amino acid in the synthesis of chiral coordination polymer produces porous 
chiral metal organic frameworks122. Another approach to increase the binding sites in amino acids 
based ligand is by incorporating more than one units to one ligand. Such ligands often produce porous 
coordination polymers due to the high connectivity (Figure 1-38)123-125  
 
Figure 1-38: Structures of some examples of multi-amino acids ligands. 
N-substituted L-glutamates have been as chiral bridging ligand mixed with 1,2-bis(4-
pyridyl)ethylene) (bpee) to form three networks of second harmonic generation. The report shows 
that the N-substituent groups affect the resulting networks. For example, replacing N-carbamyl-L-
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glutamate with N-benzoyl-L-glutamate turns the quadruple helices to 3D coordination polymer while 
N-p-tolylsulfonyl-L- glutamate produced two-dimensional sheets that extended to 3D structure 
through hydrogen bonds (Figure 1-39)126.  
 
Figure 1-39: The crystal packing of A is N-carbamyl-L-glutamate based network. B is N-benzoyl-L-
glutamate based network. C is N-p-tolylsulfonyl-L- glutamate based network (hydrogen atoms and 
solvent molecules were removed for clarity).  
1.2.1.3.3 Small chiral carboxylates as bridging ligands  
Small chiral carboxylic acids have been employed as source of chirality to produce wide range of 
chiral coordination polymers. Similar to amino acids, chiral carboxylic acids employed in three main 
fashions to produce chiral coordination polymers.  
 
First, by using only one class of chiral carboxylic acid as bridging ligand. For example, L- and D-
camphoric acid used to synthesis chiral three-dimensional networks by coordinating to In+3 or Ni+2 
as bidentate ligand. Camphoric acid produces quartz dual anionic networks [In(camphorate)2]n
- which 
were balanced by cationic organic gust. While the D-camphoric acid forms neutral 3D network with 
Ni+2 by coordinating to the octahedral metal centre as bidentate ligand, the metal centres bridge 
together through two bidentate bridging camphorate and two µ2 aqua molecules. Malic acid also 
employed to generate 3D anionic chiral networks with In+3 which was balanced with cationic organic 
molecule127. Camphoric acid coordinated to cadmium(II) to form 3D homochiral networks which 
were utilized in charge separation application128. Similar approach has been reported to synthesis 
chiral coordination polymer by coordinating enantiopure camphoric acid and different metal ions 
such as manganese and magnesium129-130.  
 
Secondly, chiral carboxylic acids combined with bridging ligand have been reported to produce chiral 
coordination polymers. For example, variety of chiral coordination polymers constructed from 
coordinate metal ions to enantiopure camphoric acid combined with wide range of linking ligands 
such as 1,4-benzenedicarboxylate, 1,4-di-(1-imidazolyl-methyl)-benzene 4,4´-bipyridine, 
diazabicyclo[2.2.2]-octane (dabco), trans-bis(4-pyridyl)-ethylene and isonicotinate127, 131-134. In these 
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networks the metal centres coordinate to camphoric acid to form chiral 1D or 2D sheets which they 
linked together by the other linking ligands to form the chiral extended networks. Increasing the 
length of the linking spacer ligand have been reported to increase the porosity of the resulting 
networks133. In addition, the spacer length have been found to affect the architecture of the resulting 
coordination polymer. For example D-Camphoric acid (H2ca) used as chiral carboxylate ligand with 
different length of bis (triazole) based spacer, 1,2-bis(1,2,4-triazol-1-yl)ethane) (bte), 1,3-bis(1,2,4-
triazol-1-yl)propane) (btp), 1,4-bis(1,2,4-triazol-1-yl)butane) (btb) and 1,6-bis(1,2,4-triazol-1-
yl)hexane) (bth) generate different structures 2D rectangular [[Cd(D-ca)(bte)]·H2O]n, 3D network 
[Cd4(D-ca)4(btp)2(H2O)4]n, 2D honeycomb [[Cd(D-ca)(btb)1.5]·3H2O]n, 2D parallelogram sheet 
[[Cd4(D-ca)4(bth)4]·2H2O]n and 1D fish bone chain network [[Cd(D-ca)2(bth)(H2O)]·H2O]n 
respectively (Figure 1-40)135.  
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Figure 1-40: The crystal packing of the coordination polymer synthesised from D-camphoric acid 
and triazole based spacer with CdII (Hydrogen atoms and solvent molecules were omitted for 
clarity). 
D-camphoric acid alongside 1,4-benzenedicarboxylic acid as a spacer was coordinated to series of 
lanthanides to construct different 3D chiral networks136. Chiral coordination polymers constructed 
from D-camphoric acid or D- camphoric acid linked with 1,4-benzenedicarboxylate and 4,4´-
trimethylenedipyridine have been used in gas chromatography applications137-139.  
 
Adding extra functional groups to the chiral carboxylate introduces new structures of chiral 
coordination polymers. For example, the chiral carboxylate malic acid, tartaric acid lactic acid and 
mandelic acid have additional hydroxyl group which they show tendency to coordinate to the metal 
[[Cd(D-ca)(btb)1.5]·3H2O]n [Cd4(D-ca)4(btp)2(H2O)4]n, 
[[Cd(D-ca)(btb)1.5]·3H2O]n 
[[Cd4(D-ca)4(bth)4]·2H2O]n [[Cd(D-ca)2(bth)(H2O)]·H2O]n 
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centre therefore new chiral coordination polymers have been reported by using these carboxylate 
molecule140-148. Similarly to the previous examples these carboxylates have been employed as 
bridging ligand or combined with spacer. For example, lactic acid have been employed as chiral 
bridging ligand to construct two-dimensional coordination polymer [Eu(L-lactate)2-(H2O)2][ClO4] 
which was extended to 3D network through hydrogen bonds (Figure 1-41 B)140. Whilst mixing L-
lactic acid with 1,4-benzenedicarboxylic acid (H2bdc) (Figure 1-41 A) as spacer produced 3D chiral 
metal-organic frameworks [Zn2(bdc)(L-lactate)(dmf)]·(DMF). This network has been studied for 
enantioselective sorption an catalyst application(Figure 1-41 C)141  
 
Figure 1-41: A is chemical structure of 1,4-benzenedicarboxylic acid. B is the representation of the 
crystal structure of [Eu(L-lactate)2-(H2O)2]. C is the representation of the crystal structure of 
[Zn2(bdc)(L-lactate)(dmf)]·(hydrogen atoms and solvent molecules deleted for clarity). 
A more recent example of using carboxylate chiral ligand demonstrated by Yaghi and co-workers. L-
lactic acid employed to construct three-dimensional chiral metal-organic frameworks MOF-1201 
[Ca14(L-lactate)20(acetate)8(C2H5OH)·H2O] and MOF-1203 [Ca6(L-lactate)3(acetate)9(H2O)]. The 
lactate anion coordinates to Ca+2 through the carboxylate and the hydroxyl group, the structures 
extended to 3D structure through bridging acetate group. The structures hold cavities enough to 
encapsulate an agriculturally fumigant cis-1,3-dichloropropane149.  
1.2.1.4 Introducing chirality through post-synthetic modification  
Post-synthetic modification150-151, has been used to introduce stereogenic centres to pre-formed 
achiral coordination polymer through the grafting of a chiral unit to the polymer backbone. The 
benefit of such modification not only introducing a chirality to the networks but also functionalising 
a network to suit some application such as enantioselective catalysis or enantioselective separation.  
For example, one of the earliest report employed this approach in chiral coordination polymer 
synthesis was demonstrated by Cohen and co-workers. The chirality introduced to the IRMOF-3 
[Zn4O(NH2-BDC)3]n (where NH2-BDC is 2-amino-1,4-benzenedicarboxylate ) by reacting the mine 
group with chiral anhydride. This modification was confirmed by powder X-ray diffraction, 
thermogravimetric analysis and gas sorption152.  
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The chirality introduced to the achiral MOF MIL-101 [Cr3OF(O2C-C6H4-CO2)3] by incorporating 
proline based chiral ligands [(S)-N-(pyridin-3-yl)-pyrrolidine-2-carboxamide] and [(S)-N-(pyridin-4-
yl)-pyrrolidine-2-carboxamide] through post-synthetic modification. The modified coordination 
polymer employed for catalytic application due to the presence of proline which is well known 
catalysis for chiral aldol synthesis153. Solid phase peptide coupling carried out to incorporate proline 
to the achiral coordination polymer MIL-68-NH2 which was constructed from In and 2-
aminoterephthalates154.  
 
In some examples the post-synthetic modification includes the activation of functional group inside 
the constructed chiral network. For example, Tefler and co-workers applied this approach to construct 
proline based metal-organic frameworks which was used for a catalytic application. The chiral MOF 
IRMOF-Pro-Boc [Zn4O(1)3] were H21 synthesised from N-tert-butoxycarbonyl-L-proline and 
dimethyl 2-aminobiphenyl-4,4´-dicarboxylate. Then the protection group tert-butoxycarbonyl (BOC) 
was removed by heating the IRMOF-Pro-Boc to produce the modified IRMOF-Pro with activated 
proline (Figure 1-42)155. Similar modification has been done recently by the same group to remove 
Boc group from protected proline-MUF-7773.  
 
Figure 1-42: Scheme illustrate the post-synthetic approach to construct IRMOF-Pro 
Zhang and co-workers reported a three-dimensional chiral metal organic-framework by applying a 
post-synthesis method. When ligand H6L was reacted with Cd
II or CoII the result were two-
dimensional achiral coordination polymers after which this polymer was reacted with tpt to produce 
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chiral 3D metal organic frameworks (Figure 1-43). However the one-pot reaction of H6L, tpt and 
metal ions produced a racemic mixture of the networks confirming that the post synthetic 
modification could be the ideal way to introduce the chirality to some coordination polymers156.  
 
Figure 1-43: The structure of the ligands H6L and tpt that employed to construct synthetically 
modified coordination polymer.  
Recently, Yaghi and co-workers reported a seven step post synthetic modification on the multivariate 
metal-organic frameworks MTV-IRMOF-74-III to incorporate a tripeptide. The IRMOF-74-III 
[Mg2(L)] (were L is 3,3´-dihydroxy-(1,1´:4,1-terphenyl)-4,4´-dicarboxylic acid) was activated by 
introducing the organic struts H4L-CH2NHBoc (were Boc is tert-butyloxycarbonyl) (Figure 1-44 A) 
before the tripeptide incorporated through seven step. The seventh steps modification started with 
deprotecting the terminal amine from the organic struts followed by incorporating a protected amino 
acid after which followed by deprotection and incorporating another amino acid, this process was 
repeated to incorporate three different amino acids. This post-synthetic modification was applied to 
introduce two sets of tripeptide H2N-Pro-Gly-Ala-CONHL and H2N-Cys-His-Asp-CONHL were Pro 
is proline, Gly is glycine, Ala is alanine, Cys is cysteine, His is histidine, Asp is aspartic acid and L 
is the organic struts) (Figure 1-44 B)157.  
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Figure 1-44: A is the structure of organic struts H4L-CH2NHBoc. B is the seven steps of the post 
synthetic modification reactions. 
1.2.2 Chiral Metallo-Supramolecular Polyhedra  
Chirality can be introduced to the metallo-supramolecular polyhedral, similar to coordination 
polymers, through many approaches including spontaneous resolution, inducing chiral auxiliaries and 
using chiral ligands. The most commonly reported approaches to prepare chiral cages or capsules are 
either by symmetry breaking process through an axial rotation around the metal centre. However, one 
of the main disadvantage of this approach is the product often forms in a racemic mixture where both 
isomers Δ and Λ are exist in the final product. The second method relies on using an enantiopure 
ligand to produce chiral metallo-supramolecular polyhedral. This subject has been covered in many 
reviews1, 37, 40, 158-159 so in this section few examples that fall under the research scheme will be 
discussed.  
 
In 2008, the group of Lindoy first reported the reaction of quaterpyridine ligand L (n = 0) (Figure 
1-45 A) with iron(II) in acetonitrile produced a [Fe4(Ln=0)6]
8+ tetrahedron with overall T-symmetry. 
The single crystal structure of this material (Figure 1-45 B) showed that each of the metal centres 
within each self-assembled molecule have the same chirality, although both enantiomeric forms are 
present in the crystal lattice. X-ray analysis and solution studies showed that the cage was capable of 
binding a variety of anions including BF4
-, PF6
-, and FeCl4
-. The polyhedron was demonstrated to be 
A 
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selective for PF6
-, over BF4
-. The addition of hexafluorophosphate to a solution of [BF4⸦ 
Fe4(Ln=0)6]·7BF4 resulted in the quantitative displacement of the encapsulated tetrafluoroborate. 
Similarly, the addition of excess BF4
-. to a solution of [PF6⸦ Fe4(Ln=0)6]·7 PF6 did not displace the 
bound guest. Significantly, by preparing the cage with a bulky [ZnCl4]2
- anion it was demonstrated 
that the tetrahedron could be formed empty of an encapsulated anion - only disordered acetonitrile 
solvent molecules were located within the cage. This was an interesting finding, as it demonstrated 
that the anionic guest molecules did not play a templating role in the formation of the polyhedron, 
which paved the way for later quantitative studies by other groups1, 160-161.  
 
Figure 1-45: A is the structure of the achiral ligand L. B is the representation of the crystal 
structure of the homochiral tetrahedron [Fe4(Ln=0)6]
8+ (hydrogen atoms and guest molecules were 
omitted for clarity).  
Even though increasing the length of the ligand by including 2,5-dimethyoxyphenylene spacers 
increased both the volume within the cavity and the area of the windows of the faces making the 
structure more open, the chirality around the metal centre did not change much from the L (n = 0) 
making. The crystal structure of [Fe4(Ln=1)6]
8+ (Figure 1-46 A) demonstrated that the accessible void 
volume within the tetrahedron increased to 227 Å3 compared to 102 Å3 for [Fe4(Ln=0)6]
8+. This volume 
is large enough to simultaneously bind both a PF6
- anion and a disordered solvent molecule. Further 
increasing the spacer length resulted in the formation of [Fe4(Ln=2)6]
8+ (Figure 1-46 B) with an 
encapsulated volume of 417 Å3, while substituting the iron(II) with nickel(II) further increased the 
cage volume to 839 Å3. 1H NMR studies showed that this cage was sufficiently large to bind BPh4
- 
anions, and the faces of the assembly are so large that these substantial guest molecules diffuse 
quickly through the faces of the cage on the NMR timescale. Notably, changes in the fluorescence 
spectrum indicate that BPh4
- binding led to a reduction in solvent mediated quenching of the 
tetrahedron1. 
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Figure 1-46: A is the representation of the crystal structure of [Fe4(Ln=1)6]
7+( PF6
-). B is the 
representation of the crystal structure of [Fe4(Ln=2)6]
8+. (Hydrogen atoms and guests molecules 
were omitted for clarity). 
Nitschke and co-workers reported the synthesis of homochiral cages ΔΔΔΔ-[Fe4(S,S-formylpyridine-
based-ligand)6]
8+ and ΛΛΛΛ[Fe4(R,R-formylpyridine-based-ligand)6]8+ from the enantiopure 
formylpyridine-based ligand (Figure 1-47). Although the crystal structure of cage was not reported, 
the sedative of the Cotton Effect in the circular dichroism spectrum suggest the homochirality of the 
cage. Incorporating glycerol group to the cage not only direct the chirality of the cages but also makes 
the cages water soluble. As a result the cages show binding ability to wide range of hydrophobic 
molecules162.  
 
Figure 1-47: The structure of formylpyridine-based ligand.   
A B 
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1.3 Towards enantiomeric separation  
Chirality plays a significant role in many chemical interactions and the preparation of 
enantiomerically pure materials remains a significant and necessary challenge. For instance, in the 
1950s the medicine thalidomide was frequently administered as a racemate with devastating effects. 
The R-enantiomer has efficient sedative properties, while the S-enantiomer results in foetal 
malformations 42. The difficulty in separating enantiomers and other high-value isomeric materials 
arises from the isomers having identical physical properties such as boiling point and melting point. 
There is a high demand in many fields for new isomer separation technologies especially in drug 
development and pharmacology 10.  
 
The use of chiral MOFs for enantioselective separations is attractive for a number of reasons. Firstly, 
MOFs have well organised pores suitable for specific guest binding. Secondly, the modular nature of 
MOFs means that pore sizes can be tailored accurately or new functionality introduced to enhance 
host-guest binding 163. In the literature porous materials such as metal-organic frameworks have been 
employed for enantiomeric separation in three main ways. The majority of reports are of selective 
sorption (adsorption or absorption) into chiral MOFs, while a small number of reports have employed 
chiral MOFs as stationary phases in chromatographic separations163-165 or within membranes17.  
Perhaps one of the earliest example of employing chiral metal-organic frameworks in chiral 
separation was reported by Kim and co-workers. The 2D chiral networks D-POST-1 which was 
described earlier (Figure 1-22) used to separate the racemic mixture of [Ru(2,2´-bipy)3]Cl2 (bipy = 
bipyridine). From NMR, UV-Visible and circular dichroism data it has been inferred that 82 % of the 
Δ [Ru(2,2´-bipy)3]+2 isomer was separated through an exchange with the exchangeable proton from 
protonated pyridyl group inside the chiral channel of the networks79. Rosseinsky and coworkers found 
that the enantioselective separation by chiral MOFs depends on two factors; the size of the target 
guest molecule and the channel surface chemistry in the MOFs. For example, Enantioselective 
segregation was investigated by using the previously described chiral metal-organic frameworks 
[Ni3(btc)2(3-picoline)6(1,2-propanediol)3]n and Ni3(btc)2(3-methylpyridine)6 (2,3-butanediol)3. The 
framework was exposed to either a vapour or to a solution of racemic mixtures of menthone, 
fenchone, ethyl-3-hydroxybutyrate, and binaphthol (Figure 1-48). The efficiency of the separation 
was evaluated by using chiral GC. The best separation of menthone was on S-framework with 
enantiomeric access (ee) of 87.50% while the fenchone was separated by using R-framework with 
6.18% ee. Chiral GC results show that the best separation of ethyl-3-hydroxybutyrate was achieved 
from S-framework with only 0.96% ee, and 8.26% ee for binaphthol. From these results the 
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researchers infer that the chiral separation by using such chiral metal-organic frameworks is highly 
depend on the guest size75.  
 
Figure 1-48: the structure of the chiral molecule that been separated by the chiral networks. 
The size-dependent nature of enantioselective adsorption was confirmed by Kim and coworkers when 
the chiral separation on the homochiral MOF [Zn2(bdc)(L-lac)(dmf)]n·(DMF) where (bdc is 1,4-
benzenedicarboxylate; L-lac is L-lactate) was investigated141. This network which described earlier 
in this chapter used to separate small racemic molecules such as methylsulfinylbenzene with 20% ee 
and 1-bromo-4-(methylsulfinyl) benzene with 27% ee, whereas enantiomers of larger molecules such 
as 1-(methylsulfinyl)-4- nitrobenzene and benzylsulfinylbenzene were not discriminated. The 
channel surface chemistry can also have a significant effect. For example, the adsorption of chiral 
diols into [Ni2(L-asp)2(bpy)]∙guests (where asp is aspartate) showed a variety of levels of 
enantioselectivity with ee values between 1.5 and 53.8% (Figure 1-29). The MOF derived from D-
aspartate showed better enantioselectivity for the isomers with opposite chirality to the aspartate in 
all cases. The enantioselective discrimination of 1,3-butandiol was superior to 1,2 and 2,3-butandiol, 
indicating guest geometry also played an important role in the separation process. The guest 
molecules bound to the MOF through hydrogen bonds between the diol group and the oxygen of the 
carboxylic group88.  
 
Chiral metal-organic frameworks have also been employed in chromatographic chiral separations 118-
119, 142, 166-180. Generally, these MOFs were utilised either in liquid chromatography, with a slurry 
packed into a column under high pressure, or in gas chromatography where the internal wall of 
column was covered by the chiral MOFs116, 137, 139, 163, 181-182.  
For example, in 2007 Nuzhdin and coworkers reported the first attempt at separating racemic mixture 
chromatographically over a stationary phase of a previously reported enantiopure metal- organic 
framework183. A column 33 cm long was packed with a suspension of the 3D MOF [Zn2-(bdc)(L-
lac)(dmf)]n∙DMF (where bdc is p-benzenedicarboxylic acid; dmf is N,N´-dimethylformamide and L-
lac is L-lactic acid) in a 10% solution of DMF in CH2Cl2. This column completely separated PhSOMe 
enantiomers while other sulfoxide enantiomers with electron-withdrawing substituents (Br− and 
NO2
−) showed both reduced enantioselectivity and lower separation efficiency.  
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Tang and coworkers showed the importance of pore size on chiral 3D MOFs in effecting chiral 
separations184. They used the chiral MOF [[ZnLBr]∙H2O]n synthesised from the chiral organic linker 
N-(4-Pyridylmethyl)-L-leucine·HBr (Figure 1-49) as the stationary phase for HPLC in the 
enantioselective separation of racemic drugs. The results showed baseline separation for racemic 
ibuprofen, phenyl-1-propanol, phenylethylamine and benzoin at 25°C with hexane / isopropanol as a 
mobile phase. Interestingly, the (+) ibuprofen eluted 160 times faster than the (-) isomer while the (+) 
1- phenylethylamine had longer retention time due to a stronger interaction with the MOF. The 
minimum kinetic diameters of these molecules were all much smaller than the aperture size of the 
chiral MOFs (approximately 9.8 Å). When larger molecules were tested such as ketoprofen (9.4 Å) 
or naproxen (9.7 Å) there was no separation, suggesting that the separation proceeded through binding 
the smaller molecules within the chiral channels. 
 
Figure 1-49: The crystal packing of the chiral metal-organic frameworks [ZnLBr](hydrogen atoms 
and solvent molecules were omitted for clarity).  
Recently, previously reported amino acid based chiral MOFs have been used as stationary phase for 
chiral HPLC separation and there are a number or reports for thermally stable chiral metal-organic 
frameworks for gas chromatography producing reasonable separation results116, 137, 139, 181. HPLC 
columns were packed with the chiral metal-organic frame works prepared from L-tyrosine, L-
histidine, L-tryptophan and L-glutamicacid) with zinc(II) or Cobalt(II). A base line separation was 
achieved when a wide range of enantiomers such as alcohols, amines, ketones, ethers, organic acids, 
etc were tested for separation by using hexane/isopropanol or hexane/dichloromethane as mobile 
phase185.  
 
The efficiency of chiral separation has been measured in some recently reported studies by soaking 
the chiral metal-organic frameworks in a dilute solution of one enantiomer or a solution of racemic 
mixture the measure the circular dichroism and compare the measurement before and after adding the 
chiral MOFs. The decreased in the CD signal refer to the interaction between the chiral MOKs and 
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the enantiomers. For example Zhang and co-workers reported the synthesis of a series of amino acid 
based zeolitic homochiral ZMOFs [Zn4(5-mtz)6(L-Ala)2·2(DMF)] (1L), [Zn4(5-mtz)6(D-
Ala)2·2(DMF)] (1D), [Zn4(5-mtz)6(L-Ser)2·2(DMF)] (2L) and [Zn4(5-mtz)6(L-Val)2·2(DMF)] (3L) 
where L-Ala is L-alanine, D-Ala is D-alanine, L-Ser is L-serine, L-Val is L-valine and 5-mtz is 5-
methyltetrazole. Adding small amount of these chiral ZMOFs to (10-2 mol L-1) solutions of D-carvone 
or L-carvone followed by measuring circular dichroism. The results showed decreases in CD signals 
and the solution of D-carvone showed higher decreases from these results, it has been inferred that 
the chiral ZMOFsn recognised D-carvone better that the L-enantiomer186.  
 
Similarly, in 2018 three chiral 3D metal-organic frameworks [Co2(bpts)(H2O)(MeOH)]·3H2O, 
[CoNi(bpts)(H2O)(MeOH)]·3H2O and [Ni2(bpts)(MeOH)2]·3H2O prepared from achiral ligand 
3,3´,5,5´-biphenyltetracarboxylate (bpts4-) through spontaneous resolution (Figure 1-50-A). The first 
cobalt-MOF has found to be sensitive toward the racemic mixture of α-hydroxy / amino acids. When 
the same amount of the networks soaked into individual racemic aqueous solutions of L/D – mandelic 
acid, L/D - histidine or L/D – tryptophan and measure circular dichroism the found that the relative 
differences in CD measurements are 38.59 %, 28.32 % and 14.86 % respectively so they infer that 
the MOF has the ability to enantioselectively recognise the racemic mixture (Figure 1-50-B)187.  
 
Figure 1-50: A is the cystal structure of the chiral MOF [Co2(bpts)(H2O)(MeOH)] (hydrogen atoms 
and solvent molecules were deleted for clarity). B is the chemical structures of the α-hydroxy / 
amino acids 
The homochiral metal-organic frame work (Zn-BLD) [Zn2(bdc)(L-lac)(dmf)](DMF) supported by 
porous material to produce chiral membrane. This membrane shows the capability to separate (S)-
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methyl phenyl sulfoxide over (S)-methyl phenyl sulfoxide with around 33% ee at the best 
separation171.   
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1.4 The Present Study  
Metal-organic frameworks (MOFs) and coordination polymers are a category of metallo-
supramolecular materials that has received significant recent attention and represent a class of self-
assembled hybrid materials that often display zeolite-like properties such as regularity, porosity, 
robustness and high surface-areas. There has been significant development in the design and 
formation of larger metallo-supramolecular systems with predictable architectures, the controlled 
formation of materials with useful properties and functions continues to represent a substantial 
practical and intellectual challenge. A better understanding of the underlying factors that affect 
molecular recognition are required if these materials are to find applications particularly in chiral 
materials. For example, each of these assemblies will contain central cavities for the selective binding 
of chiral guest molecules with the chirality of the self-assembled products controlled by the 
incorporation of resolved stereogenic centres. Many approaches have been used to construct chiral 
metallo-supramolecular materials and perhaps the most important method by employing chiral 
organic ligands due to the homochirality of the product even though it costly and require more 
laborious.  
 
The first part of the present project is concerned with the design and preparation of organic ligands 
through the incorporation of amino acids as stereogenic centres. From the reported literature the 
number of monocarboxylate amino acids based ligands that employed in the synthesis of chiral 
coordination polymers are very limited. These ligands will then be used to form chiral coordination 
polymers and investigate the geometry, topology, porosity of the constructed polymers. A comparison 
between the novel coordination polymer and the coordination polymers that constructed from the 
parent achiral ligand will be extended to study the effect of the stereogenic centres and the other 
binding sites on the synthesis. Employing these chiral metal organic frameworks in chiral separation 
application and study to what extent these materials can differentiate between the enantiomers will 
imply a better understanding about requirement for generating materials with better capability of 
chiral discrimination.  
 
Chapter Two focuses on proposing a series of methodology for designing chiral and achiral organic 
ligands, the chapter will also include the synthesis of these ligands. In Chapter Three, the design, 
synthesis and characterisation of achiral coordination polymers will be discussed. Chapter Four 
reports the design, synthesis and characterisation of chiral coordination polymers. Chapter Five 
investigates the synthesis of chiral metallo-supramolecular polyhedra, while Chapter Six reports the 
preliminary studies into the potential applications of the prepared materials including gas sorption 
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and chiral separations. Chapter Seven provides a conclusion proposes future directions for these 
materials.   
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2.0 Chapter Two - Ligand Design and Synthesis  
2.1 Ligand design  
To synthesise functional chiral coordination polymers, the design of each component should be 
carefully considered. As discussed in Chapter One, the most straightforward method to prepare chiral 
coordination polymers is through the use of chiral ligands even though this approach is potentially 
costly and synthetically laborious. A series of chiral ligands was therefore designed in which 
stereogenic centres would be introduced through the incorporation of amino acids. The use of amino 
acids (or peptides) as sources of chirality has a number of potential benefits including that they are 
commercially available in enantiopure form; the side chains have diverse structures with very 
different physical and chemical properties; some amino acids incorporate additional metal-binding 
groups than just the carboxylate and amino functionality and the amine side which could be used for 
further modification; and, the can grafted onto organic compounds through either the N or C-terminus. 
A modular approach was chosen for the ligand design in which coordination moieties, amino acids 
and spacer units could readily be interchanged (Figure 2-1) using either palladium catalysed cross-
coupling for the formation of carbon-carbon bonds and peptide coupling reactions for the attachment 
of amino acid functionality.  
 
Figure 2-1: Scheme illustrate the main components of the targeted chiral ligand systems. 
Based on this generic design, 2,5-dibromoterephthalic acid was selected as core (Figure 2-2) for a 
series of ligands as this compound allows the incorporation of C-protected amino acids through 
peptide coupling with carboxylic acid groups and coordination moieties can be introduced through 
Ligand Core 
Coordination 
moieties 
Coordination 
moieties 
Stereogenic 
centres 
Stereogenic 
centres 
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C-C coupling (Approach A). It was anticipated that the 2,5-dibromoterephthalic acid would be readily 
accessed through the oxidation of the commercially available 2,5-dibromo-1,4-dimethylbenzene 
 
Figure 2-2: Scheme illustrating first synthetic approach. 
A second series of ligands, based on different but related design were also prepared. In this (Approach 
B) no carbon-carbon bond forming reactions were envisaged and instead amino acids would serve as 
both stereogenic centres and coordination moieties (Figure 2-3). Two cores were employed in this 
approach [2,2'-bipyridine]-5,5'-dicarboxylic acid and [1,1'-biphenyl]-4,4'-dicarboxylic acid. The 
protected amino acids were then incorporated through a peptide coupling reaction.  
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Figure 2-3: Scheme illustrating Approach B. 
It should be noted that an important feature of both designs is that intermediate products from the 
synthesis are also likely to be suitable ligands for the formation of coordination polymers and the 
reaction of these products with metal-ions was also explored as part of this project.   
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2.2 The Ligands  
Using these two strategies, seven achiral and sixteen chiral ligands were prepared and characterised. 
Seventeen ligands (Figure 2-4) were formed using the first approach and six via the second (Figure 
2-5). In each case the compounds were prepared in good yields following standard synthetic 
procedures and characterised by the regular means including NMR, MS, IR, microanalysis and X-ray 
diffraction where possible. Even though any reaction that might epimerase the ligands was avoided 
through the synthetic routs, the optical rotation (αD) has been measured to confirm that the final 
products were non-racemic.  
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Figure 2-4: The chemical structure of the synthesised ligands through Approach A.  
 
Figure 2-5: The chemical structure of the prepared ligands via Approach B.  
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2.3 Ligands prepared by approach A  
As discussed earlier, the first approach to prepare chiral ligands implies the need for two classes of 
reactions. The first is a peptide coupling to incorporate the amino acid (stereogenic centre) to the 
ligand. The second reaction aims to introduce the binding moieties to the ligands through a C–C 
coupling. The order of these reactions was also investigated where required to achieve the targeted 
ligands with optimised yields. The synthesis of the ligands will be discussed based on the type of the 
reaction.  
2.3.1 Peptide coupling with 2,5-dibromo benzene ligands  
 
1,4-Dibromo terephthalic acid (H2-2) was prepared in 91 % yield from the commercially available 
1,4-dibromo-2,5-dimethylbenzene (1) using potassium permanganate as an oxidising agent by 
adapting a reported procedure1. The use of a mixed pyridine/water solvent system was required to 
prevent sublimation of the starting material. 1H NMR spectra and EI-MS matched those previously 
reported. Then the amino acids incorporated to the ligand under peptide coupling conditions to 
synthesise the first set of intermediate chiral ligands. Two different peptide coupling methods were 
employed, in the first method the carboxylic groups of the core reacted with thionyl chloride to form 
acid chloride which then reacts with the amino acids methyl esters. In the second method the 
carboxylic acids activated and coupled with amino acids methyl esters by using peptide coupling 
reagents including DCC and HOBt.  
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In a preliminary experiment, designed to establish peptide coupling conditions, the reaction between 
2,5-dibromoterephthalic acid, H2-2, and glycine methyl ester hydrochloride was explored. In the first 
instance, the activation of 2,5-dibromoterephthalic acid using an acid chloride, by dissolving H2-2 in 
thionyl chloride and refluxed overnight under nitrogen. After removing the excess of thionyl chloride, 
glycine methyl ester hydrochloride and DCM/pyridine was added. The crude product was purified by 
column chromatography to afford the intermediate 4 in 52% yield.  
 
By substituting glycine methyl ester used in 4 with L-phenyl alanine methyl ester and following a 
similar synthetic method, 5 was isolated in 42% yield. As an alternate synthesis, employing milder 
peptide coupling conditions using N,N′-dicyclohexylcarbodiimide (DCC) and 1-
hydroxybenzotriazole hydrate (HOBt) with N,N´-diisopropylethylamine (DIPEA) as base improved 
the yield to 69 %. The 1H NMR is consistent with the expected product with the two protons of the 
phenyl core appearing as a single peak at 7.64 ppm compared to 8.05 ppm in H2-2. 
13C NMR, mass 
spectrometry, elemental analysis, Uv-Vis, FTIR and X-ray crystal structure confirmed the formation 
of the target product.  
 
Similar results were obtained in the reaction of L-leucine methyl ester with 2,5-dibromoterephthalic. 
Compared to a yield of 47 % when an acid chloride was used, milder peptide coupling conditions 
improved the yield to 80%. Subsequently the same conditions were used for the formation of the L-
alanine methyl ester and L-dimethyl glutamate analogues. Each compound was characterised by 1H 
NMR, 13C NMR, mass spectrometry, elemental analysis, Uv-Vis and infrared spectrometry.  
2.3.1.1 Deprotection of methyl ester  
The removal of the methyl ester protecting groups to yield a series of carboxylic acid ligands via 
hydrolysis was then explored. In each case the reaction of the methyl ester in methanol with aqueous 
sodium hydroxide and stirring these mixtures at room temperature gave the expected product 
quantitatively. The non-racemisation of final products was confirmed via polarimetry. The resulting 
ligands were also characterised by 1H NMR, 13C NMR, mass spectrometry, elemental analysis, Uv-
Vis and infrared spectrometry (Figure 2-6).  
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Figure 2-6: The chemical structure of the hydrolysed chiral ligands.  
2.3.1.1.1 X-ray structure of 1,4-di-L-phynylalanine methyl ester 2,5-dibromo benzene (5)  
The slow evaporation of a chloroform solution of the product 5 produced colourless single crystals 
of sufficient quality to collect single crystal diffraction data for this compound. 5 crystallises in the 
non-centrosymmetric monoclinic space group P21. A refined Flack parameter of 0.016(5) confirms 
the enantiopurity of the crystal used in this experiment2. The asymmetric unit contains the full 
molecule of 5 (Figure 2-7).  
 
Figure 2-7: Representation of the crystal structure of 1,4-di-L-phynylalanine methyl ester 2,5-
dibromo benzene (5) 
Adjacent molecules of 5 interact through hydrogen bonds N(1)‧‧‧O(1) and N(2)‧‧‧O(2) distance = 
2.730 Å and angle = 120° between the amide nitrogen and the amide oxygen to form 1D chains 
(Figure 2-8) that extend parallel to the a axis.  
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Figure 2-8: The crystal packing of 1,4-di-L-phynylalanine methyl ester 2,5-dibromo benzene (5) 
showing the hydrogen bonds 
2.3.1.1.2 X-ray structure of 1,4-di-L-leucine methyl ester 2,5-dibromo benzene (7)  
Colourless crystal suitable for X-ray diffraction was grown from a slow evaporation of methanol. The 
crystal structure shows no inversion centre therefore product 7 crystallises in the monoclinic C2 chiral 
space group and the asymmetric unit contains full molecule with a rotational disordered of isobutyl 
groups and methyl ester groups (Figure 2-9). Thus the disordered isobutyl groups and methyl esters 
were refined across two positions with 50% occupancy for each atom.  
 
Figure 2-9: The X-ray crystal structure of compound 7 with only 50% of the rotational disordered 
is shown. 
From the crystal packing, the ligand molecules connect through hydrogen bonds between the carbonyl 
groups and the N−H amid bonds distance is 2.9 Å and angle is 120° to from chiral one-dimensional 
chain (Figure 2-10).  
O1 
N1 
N2 
O2 
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Figure 2-10: The crystal packing of compound (7) illustrate the hydrogen bonds between the 
molecules. The disordered model omitted for clarity 
2.3.2 C – C coupling with dibromo-diamino acid derivatives  
Binding sites were incorporated to the intermediate chiral compounds through C – C coupling. A 
series of selected ligating moieties including benzoate, isophthalate and 2,2´-bipyridine were coupled 
to the intermediate 1,4-di-L-leucine methyl ester 2,5-dibromo benzene 7 to prepare a wide range of 
chiral ligands.  
2.3.2.1 Synthesis of dipyridyl ligands  
 
Figure 2-11: General scheme illustrate Suzuki and Stille coupling reactions to attempt to prepare 
one of the dipyridyl ligands.  
Both Suzuki and Stille coupling reactions were trialled (Figure 2-11). The pyridyl boronic ester 15 
was combined with 1,4-L-di-leucine methyl ester 2,5-dibromo benzene (compound 7) under a Suzuki 
coupling conditions using tetrakis(triphenyl phosphine)palladium(0) as a catalyst. However, no 
N1 
N2 
O1 O2 
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product was observed after several attempts. Varying the Suzuki coupling conditions including 
changing the solvents from polar to non-polar, changing the base, catalyst, substituting a boronic acid 
for the boronic wster and changing the temperature or using microwave reactor3-6 did not yield any 
product. Stille coupling using 4-(tributylstannyl) pyridine was then explored, however the reactions 
were unsuccessful as well7-8. Similar results were obtained when 1,4-L-di-phenylalanine methyl ester 
2,5-dibromo benzene 5 was used instead of 7. In each case either the starting material or homo 
coupled by-products were isolated.  
 
Therefore, the possibility of performing the C-C coupling before introducing the amino acid through 
peptide coupling was explored (Figure 2-12). 
 
Figure 2-12: General scheme illustrating the synthesis of bipyridyl ligands.  
The Suzuki coupling reaction9 of pyridyl borornic ester 15 with 1,4-dibromo-2,5-dimethylbenzene 1 
with tetrakis(triphenylphosphine)palladium(0) as catalyst and potassium carbonate as inorganic base 
in DMF produced ligand 18 in 95 % yield. 18 was characterised by 1H NMR, 13C NMR, mass 
spectrometry, elemental analysis, UV-Vis, infrared spectrometry and X-ray diffraction (see below 
2.3.2.1.2 ). Having 18 in hand, the methyl groups were then oxidised with potassium permanganate 
to form a new ligand 2,5-di(pyridin-4-yl)terephthalic acid (H2-19) in 89 % yield. Another route to the 
preparation of H2-19 was also investigated. In this route, 2,5-dibromoterephthalic acid H2-2 was first 
esterified to produce diethyl-2,5-dibromoterephthalate 20. The reaction of diethyl 2,5-
dibromoterephthalate 20 with pyridyl boronic ester 15 under Suzuki coupling conditions produced 
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21 in 42 % yield. The hydrolysis of the ester groups of 21 gave 2,5-di(pyridin-4-yl)terephthalic acid 
H2-19 in 48% yield.  
 
Peptide coupling with H2-19 was then trialled. Numerous attempt to incorporate L-phenylalanine 
methyl ester or L-leucine methyl ester were unsuccessful including attempts using thionyl chloride 
or DCC and HOBt as peptide coupling reagents. The introduction of glycine methyl ester via the acid 
chloride route, was however successful producing 23 in 20 % yield. This perhaps suggest that sterics 
are playing a role in preventing the formation of these products and reducing the yield in case of 
glycine.  
 
During the ligand synthesis, the X-ray crystal structure of some of the intermediate compounds or the 
targeted ligands were obtained. The study of the X-ray crystal structure of such compounds not only 
confirms the preparation of the desired product but also helps to confirm the enantiopurity of the 
chiral products.  
2.3.2.1.1 X-ray structure of pyridyl boronic ester (15)  
Evaporation of an acetonitrile solution of the boronic ester (15) produced single crystals suitable for 
X-ray diffraction. 15 Crystallises in the tetragonal I͞4 space group and the asymmetric unit contains 
one full molecule along with one disordered acetonitrile solvent and one water molecule (Figure 2-13 
A). Interestingly, the structure reveals that in the solid state, four molecules assemble through dative 
(N → B) bonds between the pyridyl nitrogen and the boron forming a tetrameric square (Figure 2-13 
B).  
 
Figure 2-13: Representation of the crystal structure of the pyridyl boronic ester 15. A is the 
asymmetric unit (hydrogen atoms and solvent molecules were deleted for clarity). B is four units of 
15 forming the square and accommodating the solvent molecules.  
A B 
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This square has dimensions of 6.09 Å × 6.09 Å (measured boron – boron) and the pyridine rings 
display a slight bend toward the outside of the square making the inside dimension of the square 
slightly larger 6.43 Å. The square encapsulates volume of 228 Å3 calculated by Mercury. This cavity 
accommodates two disordered acetonitrile molecules which extend in an infinite chain parallel to the 
crystallographic c axis (Figure 2-14). many attempts to de-solvate the square or exchange the square 
were carried out, however the material losses it crystallinity upon de-solvation or changing the 
solvent.  
 
Figure 2-14: The crystal packing of the pyridyl boronic ester 15. (hydrogen atoms and water 
molecules were omitted for clarity).  
2.3.2.1.2 X-ray structure of 1,4-dimethyl-2,5-(4-pyridyl)benzene (18)  
Single crystals suitable for X-ray diffraction were grown from toluene. Ligand 18 crystallises in P͞1 
space group and with two molecules the unit cell (Figure 2-15 A). The crystal packing shows that the 
ligand molecules arrange in long one-dimensional chains along the b axis (Figure 2-15 B).  
6.43 Å 
6.09 Å 
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Figure 2-15: A is the representation of the crystal structure of the ligand (18) 4,4'-(2,5-dimethyl-
1,4-phenylene)dipyridine. The structure represent the asymmetric unit × 2. B is the crystal packing 
of ligand (18).  
Crystals suitable for X-ray diffraction of 18·2H2O were grown from the slow evaporation of a solution 
of 18 in methanol. In this second data set the ligand crystallises in the monoclinic P21/c and the 
asymmetric unit contains half molecule of the ligand and one water molecule. Adjacent organic 
molecules connect to each other through hydrogen bonds between the nitrogen of pyridyl group and 
the oxygen of the water molecule (N(1)‧‧‧O(1) 2.9 Å) and hydrogen bonds between adjacent water 
molecules distance (O(1)‧‧‧O(1) = 2.8 Å). This hydrogen bonds result in the formation of one-
dimensional chains (Figure 2-16).  
 
Figure 2-16: The crystal packing from the second crystal data of ligand 18 showing the hydrogen 
bonds with hydrated form.  
A B 
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The reaction of ligand 18 with zinc nitrate in methanol at 65 °C resulted in the formation of colourless 
crystals suitable for X-ray diffraction. X-ray analysis showed, however, that no zinc(II) containing 
products were isolated – the crystals were instead 18·2HNO3. The pyridyl groups are both protonated 
and act as hydrogen bond donors, interacting with the nitrate anions (O‧‧‧NH (1) 2.7 Å) (Figure 2-17).  
 
Figure 2-17: Representation of the crystal structure of [18-2H(NO3
-)2] from the third data 
collection 
2.3.2.1.3 X-ray structure of sodium salt of 2,5-di(pyridin-4-yl)terephthalic acid [Na2(OH2)10][(19-
H2)19]∙4H2O  
Slow evaporation of a basic aqueous solution of H2-19 yielded crystals of its sodium salt 
[Na2(OH2)10][(19-H2)19]∙4H2O. This material crystallises in the triclinic space group P͞1 and the 
structure contain two ligands in different protonation states. In the first, the ligand is fully 
deprotonated, and in the second the ligand is in a neutral, but zwitter-ionic form with the carboxylic 
acid groups deprotonated and the pyridyl groups protonated. The sodium ions, which balance the 
charge, form a bridged [Na2(OH2)10] dimer (Figure 2-18) this dimer consists of two octahedral Na
I 
and ten water ligands two of them coordinate in µ2 fashion. In each dimer the octahedral metal centres 
link together through two µ2 water ligands  
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Figure 2-18: Representation of the crystal structure of ligand H2-19 sodium salt dimer 
[Na2(OH2)10][(19-H2)19]∙4H2O. The figure represent the asymmetric unit × 2.  
The ligands link with each other through hydrogen bonds between the hydrogen atoms from the 
protonated pyridinium and the nitrogen of the neutral pyridine from the other molecules and the 
distance is 2.6 Å resulting in infinite chains. Two-dimensional channels between the chains are 
occupied by the water solvent molecules and sodium dimers which are involved with further 
hydrogen bonds with the deprotonated carboxylate groups with distance average of 2.8 and angles 
within the range 123-171° (Figure 2-19).  
 
Figure 2-19: The crystal packing of ligand 19- sodium salt showing the arrangement of the 
channels.  
Hydrogen bonds  
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Even though H2-19 forms a zwitter-ion in the solid state, there is no evidence of the protonated 
pyridine in solution as the 1H NMR spectrum in either protic or aprotic solvents. 
2.3.2.1.4 X-ray structure of diethyl 2,5-dibromoterephthalate (20)  
The slow evaporation of chloroform from a solution of 20 produced colourless crystals suitable for 
X-ray diffraction. The solid state crystal structure of 20 shows it crystallises in the monoclinic P21/c 
space group and the asymmetric unit contains half molecule. Analysing the crystal packing, the 
molecules connect together through weak type I halogen bonding10 between adjacent bromine atoms 
distance 3.6 Å (Figure 2-20).  
 
Figure 2-20: Representation of the crystal structure of diethyl 2,5-dibromoterephthalate 20 
showing the halogen bonds.  
2.3.2.1.5 X-ray structure of diethyl 2,5-di(pyridin-4-yl)terephthalate (21)  
Evaporation of chloroform slowly from a solution of 21 produced crystals suitable for X-ray 
diffraction. Interestingly, the solid state structure of 21 shows it crystallises in the orthorhombic space 
group P212121. The molecules interact with each other through hydrogen bonds that form between 
the pyridyl nitrogen and hydrogen from the middle phenyl ring with a distance of 2.6 Å and angle 
160  . In addition to face to edge π−π interaction between the pyridyl ring and the middle phenyl ring 
(Figure 2-21).  
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Figure 2-21: Representation of the crystal structure of 21 illustrating the hydrogen bonds in blue 
line.  
2.3.2.2 Synthesis of 1,4-di-benzoic acid 2,5-di-L-leucine benzene ligands  
 
Figure 2-22: The synthetic scheme of preparing the boronic acid tertiary butyl ester.  
The incorporation of carboxylic acid groups was then investigated. In order to selectively deprotect 
either the terminal or amino acid ester groups, tertiary butyl groups were installed on the terminal 
carboxylic acid groups by using 28 (Figure 2-22) in the Suzuki coupling reaction.  
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Figure 2-23: The synthetic scheme of preparing 1,4-di-benzoic acid ligands.  
The protected boronic ester 28 coupled with the chiral intermediate 1,4-dibeomo 2,5-di-L-leucine 
methyl ester benzene 7 using tetrakis(triphenylphosphine)palladium(0) as catalyst to produce the 
fully protected ligand 30 in 41 % yield (Figure 2-23). The formation of 30 was confirmed by 1H 
NMR, 13C NMR, mass spectrometry, elemental analysis, UV-Vis and infrared spectrometry. The 1H 
NMR spectrum of 30 in CDCl3 shows three peaks in the aromatic region, two of them are doublet at 
8.05 and 7.52 ppm which they were assigned for the terephthalate protons (a) and (c) and the third 
singlet peak (b) at 7.70 ppm is assigned for the core protons. The tertiary butyl singlet peak (g) at 
1.62 ppm alongside with the leucine methyl ester confirm the synthesis of 30 (Figure 2-24).  
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Figure 2-24:1H NMR spectrum of the protected ligand 30 with peaks assignment.  
The selective hydrolysis of the tertiary butyl ester over methyl ester was achieved by the action of 
trifluoroacetic acid in DCM at 0 °C. Then the solution was allowed warm to room temperature and 
stirred under nitrogen overnight. After removing the solvent, the chiral ligand H2-31 was isolated in 
quantitative yield. The disappearance of the tertiary butyl at 1.62 ppm peak in 1H NMR spectra in 
addition to the rest of the characterisations including 13C NMR, mass spectrometry, elemental 
analysis, UV-Vis and infrared spectrometry have confirmed the success of the hydrolysis. 
To hydrolyse both the tertiary and methyl esters simultaneously, aqueous sodium hydroxide was 
employed, producing 32 in 85% yield. The 1H NMR spectrum of 32 in methanol-d4 shows that both 
the tertiary butyl singlet peak at 1.62 ppm and methyl peak at 3.65 ppm had disappeared. Despite no 
evidence of a racemisation during the synthetic route, the specific optical rotation (αD) of H2-31 and 
H4-32 were measured in DMSO to be -177.4 and -16.8. 
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The synthesis of H4-32 was also achieved from another route. The carboxylic groups of 2,5-
dibromoterephthalic acid H2-2 was protected with tertiary butyl ester under esterification condition, 
the product di-tert-butyl 2,5-dibromoterephthalate 33 isolated in 40 % yield after which was reacted 
with benzoate methyl ester boronic ester 27 to produce the fully protected ligand 34 in 64 % yield.  
 
The hydrolysis of tertiary butyl ester over methyl ester successfully achieved by adding trifluoroacetic 
acid to a solution of 34 in DCM at 0 °C. Then a peptide coupling reaction by using DCC and HOBt 
with L-leucine methyl produced 36 in 45 % yield. 36 was then deprotected under a hydrolysis 
conditions by using sodium hydroxide giving H4-32 in 82 % yield.  
2.3.2.3 Synthesis of 1,4-di-isophthalic acid 2,5-di-L-leucine benzene ligands  
A similar route was followed to prepare the isophthalic acid derivatives 42-46. The isophthalate 
carboxylic acid was protected with a tertiary butyl ester groups and converted to a boronic 41 in 65 
%.  
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This was then coupled with 7 under Suzuki coupling condition using 
tetrakis(tiphenylphosphine)palladium(0) to produce the fully protected ligand 42 in 47 % yield.  
 
Figure 2-25:The 1H NMR spectrum for the fully protected ligand 42. 
The ligand was characterised by 1H NMR, 13C NMR, mass spectrometry, elemental analysis, Uv-Vis 
and FTIR. From 1H NMR (Figure 2-25) there are three aromatic peaks, 8.63 (a) and 8.22 ppm (b) are 
belong to the isophthalate protons and the peak at 7.72 ppm (c) is assigned for the aromatic core 
protons. Beside the leucine methyl ester peaks, the singlet peak at 1.62 ppm (g) is assigned to the 
eighteen protons from the four tertiary butyl groups.  
The tertiary butyl groups were then selectively hydrolysed to H4-43 in 83 % yield, while H6-44 could 
be prepared in 90 % yield by treatment with aqueous sodium hydroxide (Figure 2-26).  
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Figure 2-26: Synthetic scheme illustrates the selective deprotection of tertiary butyl and methyl 
esters.  
The non-racemisation of the final activated ligand H6-44 was confirmed by the specific optical 
rotation measurements in DMSO which is -543. The formation of H6-44 was also confirmed by 
1H 
NMR spectra through the disappearance of both tertiary butyl and methyl ester peaks at 1.62 and 3.64 
ppm respectively while all the other peaks related to the isophthalate and leucine core are assigned.  
 
Achiral ligand H4-46 was also prepared which contains the same functional group isophthalate 
without the stereogenic centre allowing for the examination of the effect of steric bulk in this position 
on the ability to form coordination polymers.  
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2.3.2.4  Synthesis of 1,4-bis(2,2´-bipyridine) 2,5-di-L-leucine benzene ligands  
 
2,2´-Bipyridine was also introduced to the chiral intermediate centre as metal binding sites. The 
boronic ester precursor 47 was prepared from 7 and bis(pinacolato)diboron in 94 % yield.  
 
The Suzuki coupling between 47 and 5-bromo-2,2´-bipyridine 48 produced 49 in 43%. Although this 
chiral protected ligand could be coordinated to suitable metal ion to form chiral polyhedra11-15, the 
hydrolysis of the methyl ester from the amino acid gives additional metal binding site which would 
extend the structure to an infinite chiral network.  
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Deprotection of the ester groups was achieved by treating the ligand with aqueous sodium hydroxide 
at room temperature producing H2-50 in 78 % yield. The further characterisation of ligands 49 and 
H2-50 is discussed in Chapter Five.   
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2.4 Ligands prepared by Approach B  
2.4.1 Peptide coupling to synthesis of 2,2´-bipyridine 5,5´-di-amino acids ligands  
Changing the position of the binding sites in the designed amino acids based ligands is useful due to 
not only generating range of chiral coordination polymers but also investigating the effect of the 
binding sites position on the constructed coordination polymers. 2,2´-Bipyridine functional groups 
have shown the ability to coordinate to a wide range of metal ions16-20. So in this class of chiral ligands 
the amino acids methyl esters were linked to bipyridine core in 5,5´- position. Then after deprotecting 
the amino acids methyl ester the final ligands imply two different functional groups containing 
ligands, the bipyridine at the middle of the core and the carboxylates groups at the terminal positions.  
 
The dimethyl bipyridine 52 was prepared in 96 % yield from homo-coupling reaction of 2-bromo-5-
methylpyridine 51 where palladium acetate catalysed the reaction21. The activated ligand core was 
synthesised by oxidizing the methyl groups of 52 with potassium permanganate22 in water, then the 
manganese oxide was filtered through celite and washed with aqueous solution of NaOH. The filtrate 
was then acidified with hydrochloric acid to produce the activated core 53 in 94 % yield after which 
the amino acids methyl esters were incorporated to this core through peptide coupling.  
The L-alanine methyl ester, L-leucine methyl ester and dimethyl-L-glutamate were coupled to the 
bipyridine core 53 through peptide coupling using DCC and HOBt as a peptide coupling reagents to 
produce the full protected ligands 2,2´-bipyridine 5,5´-di-L-alanine methyl ester 54, 2,2´-bipyridine 
5,5´-di-L-leucine methyl ester 56 and 2,2´-bipyridine 5,5´-L-glutamate dimethyl ester 58. The ligands 
54 and 58 were purified by filtration and washing giving both products as pure white solids in 65% 
and 55% yield respectively. The protected ligand 56 was purified by column chromatography using 
silica gel as stationary phase and chloroform methanol mixture (10:1 v:v) to isolate the pure ligand 
56 in 62% yield.  
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Having the protected ligands 54, 56, and 58 in hand, a hydrolysis reaction was carried out by adding 
an a aqueous solution of sodium hydroxide to a suspension of 54, 56, and 58 in methanol at 0 °C, the 
mixtures were then stirred at room temperature overnight. After filtering and acidifying the mixtures 
with hydrochloric acid, the activated version of the corresponding chiral ligands H2-55, H2-57 and 
H4-59 were isolated in 53, 96 and 55 % yield respectively.  
2.4.2 Peptide coupling to synthesis of 1,1'-biphenyl-4,4´-diamino acids ligands  
In order to investigate the effect of introducing binding sites to amino acids based ligands, biphenyl-
4,4´-dicarboxylic acid used as ligands core. This would allow to investigate the benefit of 
incorporating metal binding sites on the constructed networks including pore size and geometry. For 
example, in the ligands H2-31, H4-32, H4-43 and H6-44 benzoate and isophthalate were linked to the 
chiral ligand in an axial position as an additional metal binding sites this not only increased the 
number of the functional groups but also add extra length to the synthesised ligand. Then in the 
ligands 49 and H2-50 bipyridine was incorporated to the chiral core in addition to the plane to employ 
this ligand in a polyhedra synthesis, it still very useful ligand for constructing chiral coordination 
polymer. Incorporating the bipyridine at the middle of the ligands H2-55, H2-57 and H4-59 provide 
other areas of comparisons on the number, position and the type of the functional groups. Therefore, 
using biphenyl as ligand core to be linked to the amino acids helps completing the pictures of the 
comparisons  
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H2-61 was synthesised from the commercially available dimethyl [1,1'-biphenyl]-4,4'-dicarboxylate 
60 by a hydrolysis reaction catalysed by aqueous solution of sodium hydroxide, which was used 
without further purification. Then L-leucine methyl ester was coupled with the biphenyl dicarboxylic 
acid H2-61 under peptide coupling condition by using DCC and HOBt as coupling reagents. The 
synthesis of fully protected chiral ligand 62 was confirmed by the full characterisation, 1H NMR, 13C 
NMR, mass spectrometry, elemental analysis, UV-Vis and infrared spectrometry.  
 
L-glutamate dimethyl ester 11 was reacted with the core biphenyl-4,4´-dicarboxylic acid H2-61 under 
peptide coupling condition by employing DCC and HOBt as a peptide coupling reagents. After the 
crude product was filtered and washed with water and sodium hydroxide, it was purified by column 
chromatography using silica gel as stationary phase and ethyl acetate : petroleum spirit (1:1, v:v) as 
mobile phase. The first collected fraction was characterised by 1H NMR, 13C NMR, mass 
spectrometry, elemental analysis, Uv-Vis and FTIR. From the 1H NMR of 65 there are four different 
aromatic environments at 8.10, 7.91, and 7.70 to 7.63 ppm and the integration of each peak refer to 
two protons. The integration of the amide N−H peak appears at 7.24 ppm match one proton similar 
to the other glutamate dimethyl ester peaks where the integration indicates only one molecule is 
attached to the core which suggest the mono substituted product. The singlet peak at 3.93 ppm with 
integration of three protons confirm the product is the mono-substituted biphenyl 4-L-glutamate 
dimethyl ester-4´-methyl ester 65. The side product 65 formed as by-product from the peptide 
coupling between the partially hydrolysed dimethyl [1,1'-biphenyl]-4,4'-dicarboxylate 60 starting 
materials and the L-glutamate dimethyl ester 11. As a result, the L-glutamate dimethyl ester was 
linked to the core from one side only while the carboxylate group of the core was still protected with 
the methyl ester. The polarity of the column chromatography mobile phase was increased by using 
ethyl acetate, another product was collected and in addition to the full characterisations the 1H NMR 
spectrum confirms the synthesis of the targeted protected chiral ligand biphenyl 4,4´-di-L-glutamate 
dimethyl 66.  
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The methyl esters of the amino acids were then hydrolysed to produce H2-63 in 67 % yield. Even 
though 65 was isolated from the crude mixture as by-product, it gives useful chiral ligand after 
deprotecting the carboxylate from both sides, the methyl ester and the L-glutamate dimethyl ester. 
Therefore, the carboxylate methyl esters in both 65 and 66 were deprotected through the hydrolysis 
reaction using aqueous solution of sodium hydroxide.  
 
The synthesis of ligand H2-63 with different synthetic pathway was also investigated, the activated 
core H2-61 was reacted with thionyl chloride to prepare the corresponding acid chloride which was 
coupled directly with L-leucine, however the yield was lower the previous method23. Controlling the 
pH of such reaction is very critical to avoid forming polypeptide through the amino acid homo-
coupling.  
2.4.2.1 X-ray structure of biphenyl 4-L-glutamate dimethyl ester-4´-methyl ester (65)  
The slow evaporation of ethyl acetate and petroleum spirit from 65 produced colourless crystals 
suitable for X-ray crystallography. From the crystal structure, 65 crystallises in the chiral triclinic P1 
space group and the asymmetric unit contains six full molecules each three molecules arrange in an 
opposite position to the other three, however all the six molecules have the same handedness. Each 
of the three set of the molecules link together through hydrogen bonds between the oxygen and the 
nitrogen of the peptide bonds O(1)‧‧‧N(1) distance is 2.8 Å (Figure 2-27).  
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Figure 2-27: Representation of the crystal structure of a fully protected mono-substituted biphenyl 
4-L-glutamate dimethyl ester-4´-methyl ester 65 and the blue dotted lines represent the hydrogen 
bonds. 
 
2.4.2.2 X-ray structure of biphenyl 4,4´-di-L-glutamic acid (H4-68)  
Acidifying the aqueous solution of H4-68 after the hydrolysis reaction to pH = 5 and place it in a 
fridge at 4 °C for three weeks produced colourless crystals suitable for X-ray diffraction. The crystal 
structure of H4-68 shows it crystallises in the triclinic P1 space group and the unit cell consists of a 
full ligand molecule (Figure 2-28 A). The hydrogen bonds between the carboxylate groups distance 
2.6 Å and between the carboxylate hydroxyl and amid bonds hydrogen distance 2.7 Å link the 
molecules of the ligand to form hydrogen bonded two-dimensional chiral networks (Figure 2-28 B).  
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Figure 2-28: Representation of the crystal structure of the chiral ligand H4-68. A is the asymmetric 
unit. B is the crystal packing showing the hydrogen bonds.   
A B 
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2.5 Conclusions  
There are several criteria that need to be considered when designing chiral ligands for functional 
chiral coordination polymers including the incorporation of stereogenic centres and metal binding 
moieties. To achieve that, two main approaches were followed to synthesise chiral ligands. In the first 
approach, peptide coupling was used to introduce the amino acids as stereogenic centres to 
intermediates. Then a series of functional groups including carboxylates, pyridine and 2,2´-bipyridine 
was coupled to intermediates through C-C coupling. In Approach B, the amino acids were introduced 
to a functional cores including 2,2´-bipyridine through peptide coupling. By following these 
synthetics plan a total of 23 ligands were prepared 16 of which are chiral. Based on the type and 
number of functional groups, these ligands can be classified into and four main classes. In the first 
class both mono and di-carboxylate amino acids were employed to construct either bidentate or 
tetradentate ligands and the coordination sites are the amino acids carboxylic groups while the core 
of such class is only one phenyl ring. The second class differ from the first in the length of the core 
which is two phenyl rings. While in third ligand class bipyridine introduce as additional metal binding 
sites to form multifunctional chiral ligands. The next type of ligand imply not only additional metal 
coordination site but also longer ligand body. In addition to these chiral ligands, some achiral ligand 
was introduce to be used as spacer during the coordination polymer synthesis.  
 
Peptide coupling was carried out in two different ways: using peptide coupling reagents such as DCC 
and HOBt gave better yield than the harsher acid chloride approach. Many attempts to attach a pyridyl 
ring to the chiral core were made, however no product was obtained, the reasons for which are not 
clear. All the materials were fully characterised using 1H NMR, 13CNMR, FTIR, UV-Vis, EI-MS and 
single crystal X-ray diffraction where applicable. Even though any reaction that might epimerase the 
ligands was avoided throughout the synthetic routes, the specific optical rotation has been measured 
to ensure the optical activity of the product .  
 
Subsequent chapters describe the reaction of these ligands with suitable metal ions to construct 
coordination polymers. Chapter Three focuses on the preparation of achiral coordination polymers, 
while Chapter Four reports the formation of chiral coordination polymers.  
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2.6 Experimental  
2.6.1 General  
Solvents and reagents were purchased from commercial sources and used without further 
purifications unless otherwise stated. The used dry solvents were dried by passing the solvents 
through an Innovative Technology PureSolv solvent purification system then stored under nitrogen. 
1H and 13C NMR spectra were measured on Bruker Avance 500, 400 and 300 MHz high resolution 
spectrometers. The NMR spectra were analysed by using MestReNova software package where the 
chemical shifts are reported in ppm relative to the residual solvent peak. ESI-MS spectra were 
collected on three machines, Bruker MicroTOF-Q, Bruker HCT and Thermo LCQ Fleet mass 
spectrometers. Samples were prepared in methanol or acetonitrile unless otherwise specified. 
Elemental microanalysis were measured by the SCMB Microanalytical Service, University of 
Queensland. FTIR spectra were measured on PerkinElmer Spectrum II. UV-Visible spectra were 
collected on Agilent Technologies Cary 60 UV-Vis spectrophotometer using the baselines at both 0% 
and 100% T. The measurement of Specific optical rotations were carried out on JASCO P-2000 
Polarimeter at room temperature.  
2.6.2 Crystallography  
Single crystals for X-ray diffraction were mounted after been coated in Paratone N oil. The data were 
collected by using one of two main sources. The first, by using an Oxford Diffraction Gemini II 
ULTRA diffractometer operating at graphite-monochromated Mo Kα or Cu Kα wavelength generated 
from a sealed tube. Data was collected at 190 K. then indexed, integrated and reduced within the 
CrysAlisPro software package. The remainder of the data were collected at the Australian synchrotron 
by using MX1 and MX2 beamline operating at 0.71078 Å wavelength at a temperature of 100 K24. 
The data were indexed, integrated and reduced using XDS25 absorption corrections (where necessary) 
were applied using SADABS. Processed data was solved using SHELXS-201426 or SHELXT27 
within the WinGX28 or Olex229 graphical interfaces. Solutions were refined via a full-matrix least-
squares refinement against F2 using SHELXL-201426. The hydrogen atoms were placed on 
appropriate atoms and refined using a riding model. Refinement data are listed in the appendix tables. 
2.6.3 Synthesis of 2,5-dibromoterephthalic acid (H2-2)  
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H2-2 was prepared according to reported procedure
1. 1,4-Dibromo-2,5-dimethylbenzene (1.32 g, 5 
mmol) was dissolved in 10 mL pyridine then potassium permanganate (4.1 g, 26 mmol) in 10 mL 
water was added and stirred at reflux for 24 hours. After cooling to room temperature, the reaction 
mixture was filtered and the filtrate was washed with 1 M sodium hydroxide. Pyridine was removed 
from the combined aqueous layers under reduced pressure then the aqueous solution was washed with 
chloroform for three times. The aqueous layer was acidified to pH = 2 with concentrated hydrochloric 
acid, the precipitate solid was extracted with ethyl acetate 3 × 20 mL then dried over MgSO4, filtered 
and followed by solvent removal under reduced pressure to afford H2-2 (1.47 g, yield 91%) white 
solid. 1H NMR spectra and EI-MS matched those previously reported.  
2.6.4 Synthesis of dimethyl 2,2'-((2,5-dibromoterephthaloyl)bis(azanediyl))diacetate (4)  
 
2 (6.17 mmol, 2 g) was dissolved in 20 mL thionyl chloride and refluxed under nitrogen for 24 hours. 
The excess of thionyl chloride was removed under reduced pressure to afford white crystals of 2,5-
dibromoterephthaloyl dichloride compound 3 which was used without further purification. 3 (2.23 g, 
8.55 mmol) was slowly added to a solution of glycine methyl ester hydrochloride (1.58 g, 17.1 mmol) 
in 100 mL dichloromethane and 5 mL pyridine. The mixture was stirred overnight at room 
temperature. Then the mixture washed with 1 M hydrochloric acid solution for three times then 
washed with water to pH = 7 . The combined organic layers were dried over MgSO4 and celite was 
added to the solution before filtered which was followed by solvent removal under reduced pressure. 
The crude product was purified by column chromatography (Silica gel, Dichloromethane 90 %: 
Methanol 10 %) to afford 1.93 g of the product 4 (yield 52%). 1H NMR (300 MHz, CDCl3, 300 K.) 
δ (ppm) = 7.84(s, 2H for Ar-H), 6.65(m, 2H for N-H), 4.26 (d, J= 5 Hz, 4H for CH2), 3.82 (s, 6H foe 
CH3). 
13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm)= 170.1, 168.0, 145.5, 138.2, 119.0, 53.2, 44.5. 
EI-MS; calculated (L+H)+ m/z = 466.93 found (L+H)+ m/z = 466.92. Elemental analysis: calculated 
for (C14H14Br2N2O6) C = 36.08; H = 3.03; N = 6.01; found C = 36.38, H = 3.43, N = 6.32. Selected 
FTIR (ATR, cm-1) = 3686, 3286.8, 2959.9, 2326.3, 1979, 1615.51, 1428.69, 1391.39. UV-vis (200-
800nm): λmax = 225 nm. 
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2.6.5 Synthesis of dimethyl 2,2'-((2,5-dibromoterephthaloyl)bis(azanediyl))(2S,2'S)-bis(3-
phenylpropanoate) (5)  
 
Method A:  
To a solution of L-phenylalanine methyl ester hydrochloride (2.9 g, 13.4 mmol) in 100 mL 
chloroform, a solution of potassium carbonate (3.5 g) in 25 mL water and 100 mL chloroform was 
added. Then 2,5-dibromoterephthaloyl dichloride 3 (2 g, 6.17 mmol) was added and the mixture was 
refluxed for 24 hours. The reaction was quenched with 100 mL water and extracted with chloroform 
(2 × 100 mL). The combined organic layers were dried over Na2SO4 and filtered followed by solvent 
removal under reduced pressure. The crude product was purified by column chromatography (silica 
gel, chloroform) to yield a white powder (1.7 g, yield 42.6%). 1H NMR (300 MHz, CDCl3, 300 K.) 
δ (ppm) = 7.64 (s, 2H), 7.34 – 7.14 (m, 10H for Ar-H), 6.56 (d, J= 7.6 Hz, 2H for N-H), 5.06 (dt, J= 
7.6, 5.9, 2H for α-CH), 3.77 (s, 6H), 3.37 – 3.14 (m, 4H for β-CH2); 13C NMR (75 MHz, CDCl3, 300 
K.) δ (ppm)= 175.44, 171.41, 164.62, 135.44, 134.33, 129.26, 127.39, 118.34, 55.83, 53.80, 51.99, 
37.70. EI-MS; (L+H)+ m/z = 647, (L+Na)+ m/z = 669. Elemental analysis: calculated for 
(C28H26Br2N2O6·0.5H2O) C= 51.45, H = 4.17, N= 4.29; found C = 51.21, H= 4.05, N = 4.13.Selected 
FTIR (ATR, cm-1) = 3284.36, 3027.4, 2965.78, 1739.63, 1665.78, 1641.97, 1527 and 604.9. UV-vis 
(200-800nm): λmax = 242 nm. The slow evaporation of chloroform produced colourless single crystals 
good enough to collect the crystal structure of the desired product.  
Method B:  
1-Hydroxybenzotriazole hydrate (2.13 g, 18.52 mmol) and 2,5-dibromoterephthalic acid (3 g, 9.26 
mmol) was dissolved in 50 mL dry DMF and stirred under nitrogen at 0° C. Then N,N′-
dicyclohexylcarbodiimide (DCC) (4.8 g, 23.15 mmol) was added to the mixture followed by N,N´-
diisopropylethylamine (2.25 mL, 23.2 mmol). After 5 minutes, a solution of L-leucine methyl ester 
hydrochloride (4.2 g, 23.2 mmol) and N,N´-diisopropylethylamine (2.25 mL, 23.2 mmol) in 50 mL 
dry DMF was added dropwise. This solution was stirred at room temperature under nitrogen and 
monitored by TLC. After 48 hours, the solution was filtered followed by solvent removal under 
reduced pressure from the filtrate after which the residue was poured into 100 mL dichloromethane 
and filtered. The filtrate washed with water 100 mL × 3 and brine, dried over magnesium sulphate 
then filtered followed by solvent removal. The crude product was purified by column chromatography 
(silica gel, chloroform 95% : methanol 5%) to afford the product as a white solid (4.1 g, yield 68.6%)  
130 
 
2.6.6 Synthesis of (2S,2'S)-2,2'-((2,5-dibromoterephthaloyl)bis(azanediyl))bis(3-
phenylpropanoic acid) (H2-6)  
 
5 (0.2 g, 0.31 mmol) was dissolved in 20 mL methanol, the solution was cooled to 0° C before the 
addition of aqueous solution of sodium hydroxide (10 mL, 2M). After stirring the solution at room 
temperature for 24 hours, the mixture was filtered followed by neutralisation with hydrochloric acid. 
Methanol was removed under reduced pressure followed by acidification to pH = 2 with concentrated 
hydrochloric acid. The white solid was collected by filtration and washed with water (0.18 g, yield 
95%). 1H NMR (300 MHz, DMSO-d6, 300 K.) δ (ppm) = 8.92 (d, J = 8.3 Hz, 2H for N-H), 7.32 – 
7.16 (m, 10H for Ar-H), 7.23 (s, 2H), 4.59 (ddd, J = 10.5, 8.3, 4.7 Hz, 2H for α-CH), 3.21 – 2.85 (m, 
4H for β-CH2). 13C NMR (75 MHz, DMSO-d6, 300 K.) δ (ppm)= 172.81, 166.86, 140.19, 137.03, 
132.66, 128.97, 128.08, 126.45, 117.70, 53.93, 36.84. EI-MS; calculated (L)+ m/z = 617.98, found 
(L+H)+ m/z = 618.00. Elemental analysis: calculated for (C26H22Br2N2O6) C = 50.51; H = 3.59; N = 
4.53; found C = 50.31, H = 3.29, N = 5.01. Selected FTIR (ATR, cm-1) = 3750. 3277.12, 3043.81, 
2847, 2650, 1717.9, 1642.7, 1533. UV-vis (200-800nm): λmax = 245 nm. Specific optical rotation [αD] 
at 22° C in DMSO = -312.74. 
2.6.7 Synthesis of dimethyl 2,2'-((2,5-dibromoterephthaloyl)bis(azanediyl))(2S,2'S)-bis(4-
methylpentanoate) (7)  
 
Method A:  
The product was prepared by following a previously reported procedure30. To H2-2 (4 g, 12.35 mmol), 
20 mL thionyl chloride was added and refluxed under nitrogen for 24 hours. The excess of thionyl 
chloride was removed under reduced pressure to afford white solid as 2,5-dibromoterephthaloyl 
dichloride which was used without further purification. 2,5-Dibromoterephthaloyl dichloride (2.3 g, 
6.37 mmol) was slowly added to a solution of L-leucine methyl ester hydrochloride (2.5 g, 13.74 
mmol) in 100 mL dichloromethane and 5 mL pyridine. The mixture was stirred overnight at room 
temperature under nitrogen. Then the mixture washed with hydrochloric acid 1 M solution for three 
times then washed with water until pH = 7. The combined organic layers were dried over sodium 
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sulphate, celite was added to the solution and left for one hour before filtered. Solvent was removed 
under reduced pressure, the crude product was purified by column chromatography (Silica gel, 
chloroform 90 %: acetone 10 %) to afford 2 g of the product (yield 54%). 1H NMR (300 MHz, CDCl3, 
300 K.) δ (ppm) = 7.67 (s, 2H), 6.85 (d, J = 8.3 Hz, 2H), 4.78 (ddd, J = 9.7, 8.3, 5.3 Hz, 2H, α-CH), 
3.77 (s, 6H), 1.91 – 1.57 (m, 6H, β-CH2 and γ-CH), 0.99 (t, J = 6.2 Hz, 12H). 13C NMR (75 MHz, 
CDCl3, 300 K.) δ (ppm) = 172.73, 165.01, 139.48, 134.18, 118.30, 52.44, 51.40, 41.30, 24.91, 22.80, 
21.84. EI-MS; (L+Na)+ m/z = 601. Elemental analysis: calculated for (C22H30Br2N2O6) C = 45.69, H 
= 5.23, N = 4.84; found C = 45.93, H = 5.07, N = 4.72. Selected FTIR (ATR, cm-1) = 3650, 3265.68, 
2957.73, 2867.3, 1745.31, 1649.31, 1590, 1529.85. UV-vis (200-800nm): λmax = 225 nm. Specific 
optical rotation [αD] at 22° C in methanol = -17.38. Crystal for X-ray was grown from slow 
evaporation of methanol.  
Method B:  
H2-2 (4 g, 12.4 mmol) and 1-hydroxybenzotriazole hydrate (4.2 g, 30.9 mmol) were dissolved in dry 
DMF 100 mL and stirred under nitrogen at 0° C. Then N,N′-dicyclohexylcarbodiimide (DCC) (6.4 g, 
30.9 mmol) was added to the mixture followed by N,N´-diisopropylethylamine (3 mL, 30.9 mmol). 
After 5 minutes, a solution of L-leucine methyl ester hydrochloride (4.71 g, 25.94 mmol) and N,N´-
diisopropylethylamine (3 mL, 30.9 mmol) in dry DMF 50 mL was added dropwise. This solution was 
stirred at room temperature under nitrogen and monitored by TLC. After 72 hours, the solution was 
filtered and purified by two different ways:  
First, the solvent was removed under reduced pressure, the residue was poured to 200 mL 
dichloromethane and filtered. The solution was washed with water 100 mL × 3 and brine, dired over 
magnesium sulphate then filtered followed by solvent removal. The crude product was purified by 
column chromatography (silica gel, chloroform 90% : acetone 10%) to afford the product as a white 
solid (5.7 g, yield 79.8%).  
The crud product was also purified by pouring the filtrate into a water and extracted with 
dichloromethane 100 mL × 3. The combined organic layers were washed excessively with water then 
washed with 1 M aqueous solution sodium hydroxide 50 mL × 2 then with water three times. The 
combined organic layers were dried over MgSO4, filtered and the solvent removed under reduced 
pressure. The residue was poured to 100 mL dichloromethane and filtered then washed with water 
three times, with 1 M aqueous solution sodium hydroxide 25 mL × 2 and with water three time. The 
combined organic phases were dried over magnesium sulphate, filtered and followed by solvent 
removal under reduced pressure. The yellow solid was washed with hexane, filtered and dried under 
vacuum to afford pure product as a white solid (6 g, yield 84%).  
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2.6.8 Synthesis of (2S,2'S)-2,2'-((2,5-dibromoterephthaloyl)bis(azanediyl))bis(4-
methylpentanoic acid) (H2-8)  
 
A solution of 14 (0.3 g, 0.52 mmol) in 20 mL methanol and cooled to 0° C then sodium hydroxide 
20 mL of 2.5 M aqueous solution was add dropwise. Solution was stirred at room temperature for 24 
hours after which TLC analysis confirmed complete hydrolysis of ester. Solution was filtered and 
washed with chloroform before was acidified with hydrochloric acid to pH = 2 a white solid was 
precipitated which was extracted with ethyl acetate 20 mL × 3, the combined organic layers and 
washed with water and dried with MgSO4, filtered followed by solvent removal under reduced 
pressure yielding 260 mg (90.1%) of the product. 1H NMR (300 MHz, methanol-d, 300 K.) δ (ppm) 
= 8.97 (d, J= 7.9, 2H, NH), 7.66 (s, 2H), 7.64 (s, 2H), 4.66-4.56 (m, 2H, α-CH), 3.35-3.30 (m, 2H), 
1.88-1.77 (m, 2H, γ - CH), 1.76-1.65 (m, 4H, β – CH2), 1.00 (dd, J = 6.5, 2.7 Hz, 12Hs); 13C NMR 
(75 MHz, methanol-d, 300 K.) δ (ppm)= 172.96, 167.37, 140.33, 132.71, 117.98, 51.34, 39.67, 24.68, 
21.96, 20.33. EI-MS; (L+Na)+ m/z = 573. Elemental analysis: calculated for (C20H26Br2N2O6) C = 
43.66, H = 4.76, N = 5.09; found C = 43.37, H = 4.71, N= 5.32. Selected FTIR (ATR, cm-1) = 
3440.48, 3083.06, 2958, 2872.01, 2639, 1728, 1636, 1555.08,1244, 726.25. UV-vis (200-800nm): 
λmax = 211 nm. Specific optical rotation [αD] at 22° C in methanol = -31.52.  
2.6.9 Synthesis of dimethyl 2,2'-((2,5-dibromoterephthaloyl)bis(azanediyl))(2S,2'S)-dipropionate 
(9)  
 
1-Hydroxybenzotriazole hydrate (3.15 g, 23.3 mmol) and H2-2 (3 g, 9.3 mmol) was dissolved in 75 
mL dry DMF and stirred under nitrogen at 0° C. Then N,N′-dicyclohexylcarbodiimide (DCC) (4.81 
g, 23.3 mmol) was added to the mixture followed by N,N´-diisopropylethylamine (3 mL, 30.9 mmol). 
After 5 minutes, a solution L-alanine methyl ester hydrochloride (2.01 g, 19.53 mmol) and N,N´-
diisopropylethylamine (3 mL, 30.9 mmol) in 25 mL dry DMF was added dropwise. This solution was 
stirred at room temperature under nitrogen and monitored by TLC. After three days, the solution was 
filtered, poured to a water and extracted with dichloromethane 100 mL × 3. The combined organic 
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layers were washed excessively with water then washed with 1 M aqueous solution sodium hydroxide 
50 mL × 2 then with water three times. The combined organic layers were dried over MgSO4, filtered 
and the solvent removed under reduced pressure. The residue was poured to 100 mL dichloromethane 
and filtered then washed with water three times, with 1 M aqueous solution sodium hydroxide 25 mL 
× 2 and with water three time. The combined organic phases were dried over MgSO4, filtered and 
followed by solvent removal under reduced pressure. The solid was purified by column 
chromatography (silica gel, chloroform 90% and methanol 10%) to collect the product as a white 
solid (3 g, yield 65%). 1H NMR (300 MHz, CDCl3, 300 K.) δ (ppm) = 7.79 (s, 2H), 6.74 (d, J = 7.4 
Hz, 2H for N-H), 4.79 (p, J = 7.2 Hz, 2H), 3.81 (s, 6H), 1.55 (d, J = 7.1 Hz, 6H). 13C NMR (75 MHz, 
CDCl3, 300 K.) δ (ppm) = 172.83, 164.49, 139.57, 134.39, 118.46, 52.70, 49.12, 18.29. EI-MS; 
Calculated (L+H)+ m/z = 494.96, found (L+H)+ m/z = 494.83. Elemental analysis: calculated for 
(C16H18Br2N2O6) C = 38.89, H = 3.67, N = 5.67; found C = 58.84, H = 3.30, N = 5.29. Selected FTIR 
(ATR, cm-1) = 3321.96, 3266.30, 3064.80, 2928.11, 2850.01, 1729.25, 1650.78, 1545.05. UV-vis 
(200-800nm): λmax = 225 nm.  
2.6.10 Synthesis of (2S,2'S)-2,2'-((2,5-dibromoterephthaloyl)bis(azanediyl))dipropionic acid (H2-
10)  
 
A cold solution(0° C) of aqueous sodium hydroxide 2.5 M was add dropwise to 9 (100 mg, mmol). 
The solution was stirred at room temperature for 24 hours after which the solution was filtered and 
acidified to pH = 2 with concentrated hydrochloric acid. The Solid was extracted with ethyl acetate 
for three times, the combined organic layers were dried over MgSO4 followed by solvent removal to 
get a the product as a white solid (76 g, 80.6% yield).1H NMR (300 MHz, CD3OD, 300 K.) δ (ppm) 
= 8.00 (s, 2H for OH), 7.76 (s, 2H for NH), 7.72 (s, 2H), 4.57 (q, J = 7.3 Hz, 2H), 1.50 (d, J = 7.3 Hz, 
6H). 13C NMR (75 MHz, CD3OD, 300 K.) δ (ppm) = 174.02, 166.66, 140.31, 132.84, 118.00, 86.32, 
15.97. EI-MS; Calculated (M+Na)+ m/z = 488.91, found (M+Na)+ m/z = 488.50. Elemental analysis: 
calculated for (C14H14Br2N2O6) C = 36.08, H = 3.03, N = 6.01; found C = 36.38, H = 3.27, N = 5.70. 
Selected FTIR (ATR, cm-1) = 3497.15, 3432.93, 3266.96, 30771.65, 2934.82, 2649.76, 1719.40, 
1674.87, 1651.30, 1545.33. UV-vis (200-800nm): λmax = 215 nm. Specific optical rotation [αD] at 22° 
C in methanol = -27.0.  
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2.6.11 Synthesis of dimethyl L-glutamate (11)  
 
Thionyl chloride (30 mL) was added dropwise to a cold solution (0° C) of L-glutamic acid (20 g, 
121.8 mmol) in methanol and stirred for three hours before worming the mixture to room temperature 
and stirred under nitrogen overnight. Solvent was removed under reduced pressure, the residue was 
dissolved in fresh methanol and carefully neutralised with sodium bicarbonate. The solution was 
filtered and the product extracted with dichloromethane 100 mL × 3, the combined organic layers 
were washed with water and dried over magnesium sulphate, filtered followed by solvent removal 
under reduced pressure to afford the product as colourless oil (17.6 g, yield 82%). 1H NMR spectra 
and EI-MS matched those previously reported31. 
2.6.12 Synthesis of tetramethyl 2,2'-((2,5-dibromoterephthaloyl)bis(azanediyl))(2S,2'S)-
diglutarate (12)  
 
H2-2 (1.85 g, 5.71 mmol) and 1-hydroxybenzotriazole hydrate (1.9 g, 14.3 mmol) was dissolved in 
30 mL dry DMF and stirred under nitrogen at 0° C before N,N′-dicyclohexylcarbodiimide (DCC) (3 
g, 14.3 mmol) was added to the mixture followed by the addition N,N´-diisopropylethylamine 
(DIPEA) (3 mL, 30.9 mmol). After 5 minutes, a solution dimethyl L-glutamate (2.00 g, 11.42 mmol) 
and N,N´-diisopropylethylamine (3 mL, 30.9 mmol) in 25 mL dry DMF was added dropwise. The 
mixture was stirred at room temperature under nitrogen for 48 hours when the TLC showed the full 
consumption of the reactant. The solution was filtered followed by solvent removal under reduced 
pressure, the semi- solid was poured to ethyl acetate and washed with water 50 mL × 3 then with 1 
M aqueous solution sodium hydroxide 25 mL × 2 then with water. The combined organic layers were 
dried over MgSO4, filtered and the solvent was removed under reduced pressure. The crude product 
was purified by column chromatography (silica gel, ethyl acetate 50%: petroleum spirit 50%) to yield 
white solid (2.4 g, yield 67%). 1H NMR (300 MHz, CDCl3, 300 K.) δ (ppm) = 7.68 (s, 2H), 4.76 (dd, 
J = 8.0, 5.0 Hz, 2H for α-CH), 3.78 (s, 6H), 3.67 (s, 6H), 2.60 – 2.40 (m, 4H for γ- CH2 ), 2.38 – 2.00 
(m, 4H for β- CH2). 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm) = 173.25, 171.59, 165.32, 139.46, 
133.95, 118.36, 52.77, 52.19, 52.02,33.84, 30.09. EI-MS; calculated (L+Na)+ m/z = 660.98, found 
(L+Na)+ m/z = 660.98. Elemental analysis: calculated for (C22H26Br2N2O10) C = 41.40, H = 4.11, N 
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= 4.39; found C = 41.18, H = 3.78, N = 3.98. Selected FTIR (ATR, cm-1) = 3288.81, 3100, 2928.75, 
2850.70, 1733.35, 1645.30, 1531, 1437. UV-vis (200-800nm): λmax = 235.  
2.6.13 Synthesis of (2S,2'S)-2,2'-((2,5-dibromoterephthaloyl)bis(azanediyl))diglutaric acid (H4-
13)  
 
12 (0.5 g, 0.78 mmol) was dissolved in 30 mL methanol and cooled down to 0° C then 25 mL of 2M 
aqueous solution sodium hydroxide was added dropwise. After stirring at room temperature 
overnight, the solution was filtered and acidified with hydrochloric acid. The white precipitate was 
extracted with ethyl acetate 30 mL × 3 then dried over magnesium sulphate and filtered followed by 
solvent removal under reduced pressure (0.42 g, yield 91%). 1H NMR (300 MHz, Methanol-d4, 300 
K.) δ (ppm) = 7.72 (s, 2H), 4.63 (ddd, J = 9.2, 4.9, 2.3 Hz, 2H for α-CH), 2.60 – 2.45 (m, 4H for γ- 
CH2), 2.40 – 1.95 (m, 4H for β- CH2). 13C NMR (75 MHz, Methanol-d4, 300 K.) δ (ppm)= 179.0, 
185.5, 168.8, 143.2, 137.3, 119.2, 45.5, 32.0, 23.4. EI-MS; calculated (L+Na)+ m/z = 604.92, found 
(L+Na)+ m/z = 604.92. Elemental analysis: calculated for (C18H18Br2N2O10) C = 37.14, H = 3.12, N 
= 4.81; found C = 37.36, H = 3.17, N = 4.96. Selected FTIR (ATR, cm-1) = 3749.7, 3252.54, 30.58.3, 
2925.2, 2638.7, 2167.1. 1979, 1703.5, 1647.75, 1532.68. UV-vis (200-800nm): λmax = 210 nm. 
Specific optical rotation [αD] at 22° C in methanol = -28.55.  
2.6.14 Synthesis of 4-iodopyridine (14)  
 
To a cold (-10° C) slurry solution of 4-aminopyridine (6 g, 63.8 mmol) in 50 mL of 48% aqueous 
tetrafluoroboric acid, sodium nitrate (4.8 g, 69.5 mmol) was added portionwise to avoid generate 
nitric oxide and stirred for 30 minutes. The resulting diazonium salt filtered of and added without 
delay in portions to a solution of potassium iodide (17 g, 102.4 mmol) in 40 mL acetone and 60 mL 
water. The dark brown solution was decolourised by aqueous solution of sodium thiosulfate 0.1 M 
followed by neutralisation with aqueous solution of sodium carbonate. The product was extracted 
with diethyl ether three times and the combined organic layers were dried over magnesium sulphate, 
filtered then the solvent was evaporated under reduced pressure to afford the product as a pale yellow 
solid (9.2 g, yield 70%). The 1H NMR and EI-MS matched the previous reported procedure32.  
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2.6.15 Synthesis of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (15)  
 
Following a previously reported method32. 4-Iodopyridine (8 g, 39 mmol) was dissolved in 500 mL 
dry diethyl ether followed by cooling the solution to (-78°C) in dry ice – acetone path. A solution of 
nBuLi (17 mL, 48.9 mmol) of 2.5 M in hexane was then added dropwise, after 30 minutes tributyl 
borate (11.2 g, 48.9) was added. The mixture was heated to room temperature slowly over two hours 
followed by the addition of pinacol (6.2 g, 52.5 mmol), after 30 minutes the reaction quenched with 
acetic acid (2.5 mL, 40 mmol). The solution was filtered through celite and washed with diethyl ether, 
the solvent was removed from the filtrate under reduced pressure. The crude product was purified by 
hot filtration from cyclohexane to afford white solid (6 g, 75%). 1H NMR spectra and EI-MS matched 
those reported. Crystals for X-ray diffraction measurement was grown in acetonitrile. 
2.6.16 Synthesis of 4-(tributylstannyl)pyridine (17)  
A solution of 14 (4.9 g, 23.9 mmol) in dry THF was cold down to -78 °C in dry ice/acetone path 
under and stirred under nitrogen. The a solution of nBuLi 1.6 M in hexane (18.7 mL, 29.9 mmol) was 
added dropwise, then stirred for one hour while the temperature was maintained at -78 °C. Tributyltin 
tin chloride (8.11 mL, 29.9 mmol) was added dropwise and the solution was stirred for 2 hours before 
it was warmed to room temperature through 2 hours. The mixture was stirred at room temperature 
under nitrogen over night before was quenched with water after which was extracted with diethyl 
ether 3 × 50 mL. The combined organic layers were washed with aqueous solution of sodium 
hydroxide 1 M then with water, the dried with MgSO4 and filtered followed by solvent removal. The 
dark brown oil was then purified by column chromatography (silica gel, petroleum spirit and ethyl 
acetate 8:2 v:v) to give the desired product as colourless oil (4.52 g, 51.4% yield. The 1H NMR and 
EI-MS matched those for the reported compound33.  
2.6.17 Synthesis of 4,4'-(2,5-dimethyl-1,4-phenylene) dipyridine (18)  
 
1,4-Dibromo-2,5-dimethylbenzene (263.9 mg, 1 mmol), 15 (615.18 mg, 3 mmol) and potassium 
carbonate (1.38 g, 10 mmol) were mixed in dry DMF (30 mL). This solution was degassed three times 
before (231.0 mg, 0.2 mmol) tetrakis(triphenylphosphine)palladium(0) was added, after which the 
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solution was degassed once more. The mixture was stirred at 90°C under nitrogen for 24 hours. 
Solvent was removed under reduced pressure, and the residue was poured into water and extracted 
with chloroform three times. The combined organic layers were washed with brine and water before 
being dried over MgSO4, which was followed by the removal of the solvent under reduced pressure. 
The crude product was purified by column chromatography (silica gel, dichloromethane 95 %: 
methanol 5 %), followed by recrystallisation from cyclohexane for two times to give 4,4'-(2,5-
dimethyl-1,4-phenylene) dipyridine as a white microcrystalline powder (165 mg, yield 63.43%). 1H 
NMR (300 MHz, CDCl3, 300 K.) δ (ppm) = 8.67 (dd, J= 4.4 Hz, 1.8 Hz, 4H), 7.3 (dd, J= 4.4 Hz, 1.5 
Hz, 4H), 7.15, s, 2H, 2.29, s 6H. 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm) = 149.73, 149.16, 
139.15, 132.78, 131.58, 124.14, 19.70. EI-MS; (L+H)+ m/z = 261.0. Elemental analysis: calculated 
for C18H18N2: C= 83.04, H= 6.19, N= 10.79; found C= 82.26, H= 6.50, N= 10.42. Selected FTIR 
(ATR, cm-1); 3025, 2900, 1539, 1414, 1385, 824, 743. UV-vis (200-800nm): λmax = 261nm. Crystals 
for X-ray diffraction measurement was grown from toluene or methanol.  
2.6.18 Synthesis of 2,5-di(pyridin-4-yl)terephthalic acid (H2-19)  
 
Method A:  
A solution of 18 (260.34 mg, 1 mmol) and potassium permanganate (1.58 g, 10 mmol) in 30 mL 
water was refluxed for 24 hours. After filtration and washing with aqueous NaOH 1M the filtrate 
extracted with chloroform to remove unreacted reactant. The aqueous solution concentrated under 
reduced pressure and acidified with aqueous 1 M HCl to pH = 5 and kept under 5°C overnight a white 
microcrystalline powder precipitated which was filtered and washed with cold water (286 mg, yield 
89.3%). 1H NMR (300 MHz, methanol-d4, 300 K.) δ (ppm) =8.56 (dd, J=4.8 Hz, 1.5 Hz, 4H), 7.72, 
s, 2H, 7.59 (dd, J=4.8 Hz, 1.5 Hz, 4H). 13C NMR (75 MHz, D2O, 300 K.) δ (ppm)= 169.17, 158.45, 
140.76, 138.39, 133.98, 132.35, 127.04. EI-MS; (L+Na+4H2O)
+ m/z = 413, (L-H)- m/z = 319. 
Elemental analysis: calculated for (C18H13N2O4)2.2Na.15H2O: C= 45.08, H= 5.89, N= 5.85; found 
C= 45.15, H= 3.17, N= 5.56. Selected FTIR (ATR, cm-1) = 3350, 3200, 1980, 1613, 1568, 1386, 
1343. UV-vis (200-800nm): λmax = 293 nm. Crystallisation for X-ray diffraction was done from 
methanol.  
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Method B:  
To a solution of 21 (97.9 mg, 0.26 mmol) in 10 mL ethanol was add 5 mL of 2 M aqueous solution 
of potassium hydroxide and stirred at reflux and monitored by TLC. After 24 hours the solution left 
to reach room temperature and neutralised by concentrated hydrochloric acid then ethanol was 
removed by rotary evaporator followed by acidified the solution to pH = 5. The solution was left in a 
fridge at 5° C overnight, microcrystalline solid was collected by filtration and washed with cold water 
to give compound 5 (40 mg, yield 48%).  
2.6.19 Synthesis of diethyl 2,5-dibromoterephthalate (20)  
 
Concentrated H2SO4 (1 mL) was added to a mixture of 2,5-dibromoterephthalic acid (1.07 g, 3.3 
mmol) and ethanol 25 mL and stirred at reflux and the reaction was monitored by TLC. After 48 
hours the reaction mixture was cold to room temperature and the solvent was removed under reduce 
pressure. The residue was purified by column chromatography on silica gel eluting with 
dichloromethane to produce colourless solid (1.2 g, yield 96%). 1H NMR spectra and EI-MS matched 
those previously reported34. Crystals for X-ray diffraction was grew from chloroform.  
2.6.20 Synthesis of diethyl 2,5-di(pyridin-4-yl)terephthalate (21)  
 
20 (380 mg, 1 mmol), 15 (615.2 mg, 3 mmol) and potassium carbonate (1.38 g, 10 mmol) were mixed 
in dry DMF (30 mL). This solution was degassed three times before 
tetrakis(triphenylphosphine)palladium(0) (231.2 mg, 0.2 mmol) was added, after which the solution 
was degassed once more. The mixture was stirred at 90°C under nitrogen for 24 hours. Solvent was 
removed under reduced pressure, and the residue was poured into water and extracted with 
chloroform three times. The combined organic layers were washed with brine and water before being 
dried over MgSO4, which was followed by the removal of the solvent under reduced pressure. The 
crude product was purified by column chromatography (silica gel, ethyl acetate 95 %: petroleum spirit 
5 %), followed by recrystallisation from cyclohexane to afford the product as a white powder (160 g, 
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yield 42.5%). 1H NMR (300 MHz, CDCl3, 300 K.) δ (ppm) = 8.68 (dd, J= 4.4 Hz, 1.8 Hz, 4H), 7.87 
(s, 2H), 7.29 (dd, J= 4.4 Hz, 1.8 Hz, 4H), 4.15 (q, J= 7.2 Hz, 4H), 1.05 (t, J= 7.2 Hz). 13C NMR (75 
MHz, CDCl3, 300 K.) δ (ppm)= 166.51, 149.62, 147.90, 139.79, 133.29, 132.16, 128.58, 123.28, 
61.83. EI-MS; (L+H)+ m/z = 377. Elemental analysis: calculated for (C22H20N2O4): C=70.20, H=5.36, 
N=7.44; found C=70.48, H=5.35, N=7.91. Selected FTIR (ATR, cm-1) = 2900, 2812.83, 2637, 2531, 
1674.14, 4586.43, 1531. UV-vis (200-800nm): λmax = 245 nm. 
2.6.21 Synthesis of 2,5-di(pyridin-4-yl)terephthaloyl dichloride (22) and dimethyl 2,2'-((2,5-
di(pyridin-4-yl)terephthaloyl)bis(azanediyl)) diacetate (23) 
 
H2-19 (100mg, 0.312 mmol) was dissolved in 10 mL thionyl chloride and refluxed overnight. The 
thionyl chloride was removed under reduced pressure to afford whit solid 22 which was dissolved in 
15 mL dichloromethane before diisopropyl ethyl amine 1 mL was added. Then glycine methyl ester 
hydrochloride (111.2 mg, 1.25 mmol) was added and stirred at room temperature overnight. The 
mixture was washed with saturated solution of sodium bicarbonate for two times and then with brine 
for two times. The combined organic layers were dried over MgSo4 and filtered before removed the 
solvent under reduced pressure to afford orange solid which was purified by column chromatography 
(silica gel, dichloromethane 90% and methanol 10%) to get the 29 mg (yield 20.11%) of the product. 
1H NMR (300 MHz, CDCl3, 300 K.) δ (ppm) = 8.70 (dd, J= 4.4 Hz, 1.8 Hz, 4H), 7.72(s, 2H), 7.43 
(dd, J= 4.4 Hz, 1.8 Hz, 4H), 4.05 (d, J= 5.0 Hz, 4H), 3.49 (s, 6H). 13C NMR (75 MHz, CDCl3, 300 
K.) δ (ppm)= 176.8, 170.6, 148.5, 140, 135.4, 138.8, 130.1, 126.3, 70.5, 50.1. EI-MS; calculated 
(L+H)+ m/z = 463.16, found (L+H)+ m/z = 463.2. Elemental analysis: calculated for (C24H22N4O6): 
C = 62.33, H = 4.80. N = 12.12; found C = 62.48, H = 5.05, N = 12.41. Selected FTIR (ATR, cm-1) 
= 3299, 2850, 1741, 1660, 1210, 1019, 798. UV-vis (200-800nm): λmax = 267 nm. 
2.6.22 Synthesis of methyl 4-bromobenzoate (25)  
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Concentrated sulphuric acid (5 mL) was added dropwise to a solution of 4-bromobenzoic acid (15 g, 
74.62 mmol) in 200 mL methanol and refluxed for 24 hours. Methanol was removed under reduced 
pressure and the residue was poured to water and extracted with ethyl acetate 100 mL × 3, the 
combined organic layers were washed with water, 1 M aqueous sodium hydroxide 40 mL × 3 and 
dried over magnesium sulphate, filtered followed by solvent removal to afford a white solid (15.24 
g, yield 95%). 1H NMR spectra and EI-MS matched those previously reported35.  
2.6.23 Synthesis of methyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (27)  
 
A solution of 26 (15.24 g, 70.9 mmol), 4,4,4',4',5,5,5',5'-octamethyl-2,2'-bi(1,3,2-dioxaborolane) 26 
(19.8 g, 78 mmol) and potassium acetate (20.9 g, 212.7 mmol) in dry N,N´-dimethylformamide (300 
mL) were degassed by bubbling nitrogen through the solution for 30 minutes before adding [1,1′-
Bis(diphenylphosphino)ferrocene]dichloropalladium(II), complex with dichloromethane (1.16 g, 
1.42 mmol) and heated at 90° C for 48 hours under nitrogen. The mixture was cooled to room 
temperature and quenched with aqueous ammonium chloride and extracted with dichloromethane. 
The combined organic layers were washed with water 200 mL × 3 and dried over magnesium sulphate 
filtered and silica gel was added to the solution then solvent was removed under reduced pressure. 
The crude product was purified by dry loading it on column chromatography (silica gel, ethyl acetate 
1 v: petroleum spirit 10 v) to afford a white solid ( 17.5 g, yield 94%). 1H NMR spectra and EI-MS 
superimposed the previously reported35.  
2.6.24 Synthesis of tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (28)  
 
Method A:  
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Under a positive pressure of nitrogen, potassium tert-butoxide (20.6 g, 45.8 mmol) was added in 
portions to a cold solution of 27 (12 g, 45.8 mmol) in 400 mL dry diethyl ether at 0°C. The mixture 
was stirred at room temperature under nitrogen for 24 hours before it was quenched with 500 mL 
water and extracted with ethyl acetate. The combined organic layers were dried over magnesium 
sulphate, filtered and followed by solvent removal to afford the product of the transesterification (11.5 
g, yield 83%). 1H NMR spectra and EI-MS matched with the previously reported data36.  
Method B:  
A solution of tert-butyl 4-bromobenzoate (5 g, 19.5 mmol), 26 (5.5 g, 21.5 mmol) and potassium 
acetate (7.6 g, 77.8 mmol) in dry 1.4-dioxane (75 mL) were degassed by bubbling nitrogen through 
the solution for 30 minutes before adding [1,1′-
Bis(diphenylphosphino)ferrocene]dichloropalladium(II) complex with dichloromethane (1.16 g, 1.42 
mmol) under a positive nitrogen stream. The solution was refluxed for 24 hours under nitrogen, then 
solvent was removed under reduced pressure. The residue was poured to ethyl acetate then washed 
with water 150 mL × 3 and dried over magnesium sulphate, filtered followed by solvent removal 
under reduced pressure. The crude was purified by column chromatography (silica gel, ethyl acetate 
and petroleum spirit v/v 1:20) to afford white solid (4 g, yield 68%). 1H NMR spectra and EI-MS 
superimposed the previously reported37.  
2.6.25 Synthesis of tert-butyl 4-bromobenzoate (29)  
 
A solution of 4-bromo benzoic acid (5 g, 24.9 mmol) in 15 mL thionyl chloride and three drops of 
DMF was refluxed under nitrogen for three hours, followed by removal the excess of thionyl chloride 
and the product used for the next step without further purification. 4-Bromobenzoyl chloride (5.5 g, 
24.9 mmol) was dissolved in dry THF and the solution was cooled down to 0° C before a suspension 
of potassium tert-butoxide (3.6 g, 32.4 mmol) in 25 mL THF was added slowly over one hour. The 
mixture was stirred at 0° C for another one hour before and was left to stir at room temperature under 
nitrogen overnight. Water 150 mL was poured to the suspension and stirred until all the solid was 
dissolved then extracted with diethyl ether. The combined organic phases were washed with saturated 
aqueous solution of sodium bicarbonate, dried over magnesium sulphate then filtered followed by 
solvent removal under reduced pressure to get almost pure product (5.5 g, yield 86%) which was used 
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for the next step without further purification. The 1H NMR and EI-MS matched the previous reported 
procedure38.  
2.6.26 Synthesis of (2S,2'S)-2,2'-((4-(tert-butoxy(hydroxy)methyl)-4''-(tert-butoxycarbonyl)-
[1,1':4',1''-terphenyl]-2',5'-dicarbonyl)bis(azanediyl))bis(4-methylpentanoic acid) (30)  
 
7 (2 g, 3.5 mmol), 28 (2.3 g, 7.4 mmol) and potassium carbonate (4.8 g, 35 mmol) was suspended in 
120 mL toluene water (50%:50%). This solution was degassed three times by mean of freeze-pump-
thaw before tetrakistriphenylphosphine palladium(0) (0.81 g, 0.7 mmol) was added, after which the 
solution was degassed once more. The mixture was refluxed at 110°C under nitrogen for 48 hours. 
The solution was allowed to reach room temperature then extracted with dichloromethane three times, 
the combined organic layers were washed with water 150 mL × 3. The solvent was removed under 
reduced pressure after it was dried over magnesium sulphate and filtered. The crude product was 
purified by column chromatography on silica gel where dichloromethane was used first as a mobile 
phase to remove the impurity then the product was collected from ethyl acetate and hexane (v/v 5:7) 
to get the product as a white powder (1.1 g, yield 41%). 1H NMR (300 MHz, CD3Cl, 300 K.) δ (ppm) 
= 8.05 (d, J = 8.3 Hz, 4H), 7.70 (s, 2H), 7.52 (d, J = 8.3 Hz, 4H), 5.65 (dd, J = 8.3, 3.8 Hz, 2H for N-
H), 4.60 – 4.52 (m, 2H for α-CH), 3.65 (s, 6H), 1.62 (s, 18H), 1.41-1.37 (m, 2H for γ-CH), 1.28 – 
1.24 (m, 4H for β-CH2), 0.78 (ddd, J = 11.5, 6.5, 3.3 Hz, 12H). 13C NMR (75 MHz, CDCl3, 300 K.) 
δ (ppm) = 172.67, 167.71, 165.15, 142.78, 138.59, 136.94, 131.80, 130.50, 129.86, 128.58, 81.28, 
52.29, 51.05, 41.29, 33.91, 28.15, 22.59. EI-MS; Calculated(L+Na)+ m/z = 795.38, found (L+Na)+ 
m/z =795.38. Elemental analysis: calculated for (C44H56N2O10): C = 68.37, H = 7.30, N = 3.62; found 
C = 38.56, H = 7.35, N = 4.12. Selected FTIR (ATR, cm-1) = 3674.5, 3277.48, 2949.57, 2936.7, 
1744.77, 1712, 1639, 1606, 1534.75. UV-vis (200-800nm): λmax = 225 nm. Specific optical rotation 
[α]D at 22° C in methanol = -39.75. 
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2.6.27 Synthesis of 2',5'-bis(((S)-1-methoxy-4-methyl-1-oxopentan-2-yl)carbamoyl)-[1,1':4',1''-
terphenyl]-4,4''-dicarboxylic acid (H2-31)  
 
To a cold solution (0 °C) of 30 (20 mg, 25.9 µmol) in 10 mL dry dichloromethane, trifluoroacetic 
acid 1 mL was added dropwise and stirred at room temperature overnight. Solvent was removed under 
reduced pressure then more dichloromethane was added and removed, this step was repeated three 
times to remove the access of trifluoroacetic acid, the white solid was used for complexation without 
further purification. 1H NMR (300 MHz, Methanol-d4, 300 K.) δ (ppm) = 8.09 (d, J = 8.0 Hz, 4H), 
7.62 (d, J = 2.0 Hz, 2H), 7.59 (d, J = 1.6 Hz, 4H), 4.48 – 4.37 (m, 2H for N-H), 3.68 (d, J = 1.2 Hz, 
6H), 1.55 – 1.26 (m, 4H β-CH2), 1.22 – 0.96 (m, 1H γ-CH), 0.85 – 0.72 (m, 12H). 13C NMR (75 MHz, 
Methanol-d4, 300 K.) δ (ppm)= 174.35, 170.29, 170.20, 168.16, 143.73, 143.69, 138.47, 138.42, 
137.39, 130.01, 128.52, 51.12, 39.67, 24.33, 22.02. EI-MS; Calculated (L+H)+ m/z = 661.27, (L+Na)+ 
m/z = 683.26; Found (L+H)+ m/z = 661.27 (L+Na)+ m/z = 683.26. Elemental analysis: calculated for 
(C36H38N2O10(CF3)2): C = 57.29, H = 4.81, N = 3.52; found C = 57.57, H = 4.50, N = 3.84. Selected 
FTIR (ATR, cm-1) = 3313.0, 2960.37, 2670.07, 2551.16. 1688.57, 1638.24, 1608.83, 1528.90. UV-
vis (200-800nm): λmax =240 nm and 245 nm. Specific optical rotation [αD] at 22° C in DMSO = -
177.4. 
2.6.28 Synthesis of 2',5'-bis(((S)-1-carboxy-3-methylbutyl)carbamoyl)-[1,1':4',1''-terphenyl]-
4,4''-dicarboxylic acid (H4-32)  
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Method A:  
To a cold solution at 0° C of 30 (20 mg, 25.9 µmol) in 10 mL methanol, 10 mL of 2 M aqueous 
solution sodium hydroxide was added dropwise and stirred at room temperature overnight. The 
solution was acidified by hydrochloric acid, the white solid was collected by centrifuging the product 
for 5 minutes at 4000 R.P.M to get the fully deprotected ligand (14.7 mg, yield 90%). 1H NMR (300 
MHz, Methanol-d4, 300 K.) δ (ppm) = 8.08 (d, J = 8.1 Hz, 4H), 7.64 (d, J = 2.0 Hz, 2H), 7.59 (d, J = 
1.6 Hz, 4H), 4.48 – 4.37 (m, 2H for N-H), 1.55 – 1.26 (m, 4H β-CH2), 1.22 – 0.96 (m, 1H γ-CH), 
0.85 – 0.72 (m, 12H). 13C NMR (75 MHz, Methanol-d4, 300 K.) δ (ppm)= 174.31, 169.03, 168.48, 
167.51, 144.98, 143.98, 129.87, 12974, 129.65, 129.01, 59.43, 51.17, 23.37, 20.35. EI-MS; 
Calculated (L+Na)+ m/z = 655.23; Found (L+Na)+ m/z = 655.23. Elemental analysis: calculated for 
(C34H36N2O10): C = 64.55, H = 5.74, N = 4.43; found C = 64.85, H = 5.56, N = 4.38. Selected FTIR 
(ATR, cm-1) = 3301.3, 2956.03, 2870.2, 2679.2, 2546.1, 1711.18, 1689.24, 1635.93, 1609.72, 1534. 
UV-vis (200-800nm): λmax = 230 nm and 250 nm. Specific optical rotation [α]D at 22° C in DMSO = 
-16.8.  
Method B:  
36 (20 mg, 29.04µmol) was dissolved in 10 mL methanol, the solution was cooled down to 0° C 
before 10 mL of 2 M aqueous solution sodium hydroxide was added dropwise and stirred at room 
temperature overnight. The solution was filtered and washed with water then acidified by 
hydrochloric acid, the white solid was collected by filtration after centrifuging the product for 5 
minutes at 4000 R.P.M. (15 mg, yield 82%).  
2.6.29 Synthesis of di-tert-butyl 2,5-dibromoterephthalate (33)  
 
Under nitrogen, to a vigorously stirred suspension of magnesium sulphate (6g, 49.4 mmol) in 50 mL 
dry dichloromethane, concentrated sulphuric acid 1 mL was added followed by H2-2 (2 g, 6.17 mmol). 
After 15 minutes, tert-butanol (6 mL, 61.7 mmol) was added and the mixture was stirred at room 
temperature for 48 hours with TLC monitoring. The mixture was quenched with 75 mL of saturated 
aqueous solution sodium bicarbonate and stirred until all the magnesium sulphate was dissolved. The 
organic layer was washed with water and dried over magnesium sulphate and filtered followed by 
solvent removal to afford nearly pure product as off white solid (0.9 g, yield 40%) which was used 
without further purification and the characterisations match the reported compound synthesised in 
different method39. 1H NMR (300 MHz, CD3OD, 300 K.) δ (ppm) = 7.87 (s, 2H), 1.60 (s, 18H).  
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2.6.30 Synthesis of 2',5'-di-tert-butyl 4,4''-dimethyl [1,1':4',1''-terphenyl]-2',4,4'',5'-
tetracarboxylate (34)  
 
A solution of 33 (2g, 4.6 mmol), 27 (3 g, 11.5 mmol) and potassium carbonate (6.91 g, 50 mmol) in 
150 mL 1,4-dioxane and water (v/v 2:1) was degassed three times by mean of freeze-pump-thaw 
before tetrakistriphenylphosphine palladium(0) (1.1 g, 0.92 mmol) was added, after which the 
solution was degassed once more. The mixture was refluxed at 110°C under nitrogen for 24 hours. 
The solution was allowed to reach room temperature then and solvent was removed under reduced 
pressure. The residue was poured to ethyl acetate and washed with water 150 mL × 3, the combined 
organic layers were dried over magnesium sulphate and filtered followed by solvent removal under 
reduced pressure. The brown crude product was purified by column chromatography (silica gel, ethyl 
acetate and petroleum spirit v/v 2:10) to afford a white solid (1.6 g, yield 64%). 1H NMR (300 MHz, 
CD3Cl, 300 K.) δ (ppm) = 8.18 – 8.06 (m, 4H), 7.78 (2, 2H), 7.48 – 7.39 (m, 4H), 3.96 (s, 6H), 1.25 
(s, 18H). 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm) = 167.59, 165.42, 143.91, 140.95, 133.03, 
132.10, 131.34, 129.35, 128.19, 81.16, 52.39, 28.18. EI-MS; Calculated (L+Na)+ m/z = 569.22, found 
(L+Na)+ m/z =569.3. Elemental analysis: calculated for (C32H34O8): C = 70.31, H = 6.27; found C = 
70.12, H = 5.98. Selected FTIR (ATR, cm-1) = 3749.7, 3671.6, 3050, 2973.11, 2850, 1719.88, 
1707.39, 1610.66, 1550. UV-vis (200-800nm): λmax = 225 nm and 285 nm. 
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2.6.31 Synthesis of 4,4''-dimethyl 2',5'-bis(trifluoromethyl) [1,1':4',1''-terphenyl]-2',4,4'',5'-
tetracarboxylate (H2-35)  
 
34 (0.9 g, 1.6 mmol) was dissolved in 10 mL dry dichloromethane and cooled down to 0° C then 1 
mL of trifluoroacetic acid was added dropwise, this solution was stirred at room temperature 
overnight under nitrogen. Solvent was removed under reduced pressure then more dichloromethane 
was added and removed, this step was repeated three times to remove the access of trifluoroacetic 
acid, the white solid was used for the next step without further purification.  
2.6.32 Synthesis of dimethyl 2',5'-bis(((S)-1-methoxy-4-methyl-1-oxopentan-2-yl)carbamoyl)-
[1,1':4',1''-terphenyl]-4,4''-dicarboxylate (36) 
 
A solution of H2-35 (1 g, 1.6 mmol) and (0.54 g, 4 mmol) of 1-hydroxybenzotriazole hydrate in 30 
mL dry DMF was stirred at 0° C under nitrogen and N,N′-dicyclohexylcarbodiimide (DCC) (0.83 g, 
4 mmol) was added followed by N,N´-diisopropylethylamine (0.75 mL, 8 mmol). After 5 minutes, a 
solution of L-leucine methyl ester hydrochloride (0.64 g, 3.52 mmol) and N,N´-
diisopropylethylamine (0.75 mL, 8 mmol) in 20 mL dry DMF was added dropwise. The mixture was 
allowed to reach room temperature and stirred under nitrogen for three days monitored by TLC. The 
solution was filtered followed by solvent removal under reduced pressure, the residue was poured to 
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a water and extracted with dichloromethane 40 mL × 3. The combined organic layers were washed 
excessively with water then dried over MgSO4, filtered and the solvent was removed under reduced 
pressure. The crude product was purified by column chromatography (silica gel, petroleum spirit and 
ethyl acetate v/v 20:0.5) product was collected after solvent removal under reduced pressure (0.5 g, 
yield 45%). 1H NMR (300 MHz, CD3Cl, 300 K.) δ (ppm) = 8.15 – 8.05 (m, 4H), 7.71 (s, 2H), 7.59 – 
7.52 (m, 4H), 5.73 (d, J = 8.4 Hz, 2H for N-H), 4.58 (td, J = 8.7, 5.2 Hz, 2H for α-CH), 3.95 (s, 6H), 
3.64 (s, 6H), 1.50 – 1.37 (m, 2H for γ-CH), 1.33 – 0.94 (m, 4H β-CH2), 0.79 (dd, J = 10.3, 6.5 Hz, 
12H). 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm) = 172.66, 167.56, 166.55, 143.22, 136.96, 130.53, 
130.01, 129.58, 128.79, 52.32, 52.24, 51.09, 41.31, 24.54, 22.57, 21.74. EI-MS; Calculated (L+H)+ 
m/z = 689.31, (L+Na)+ m/z = 711.3, found (L+H)+ m/z = 689.4 (L+Na)+ m/z =711.4. Elemental 
analysis: calculated for (C38H44N2O10): C = 66.27, H = 6.44, N = 4.07; found 66.47, H = 6.74, N = 
4.27. Selected FTIR (ATR, cm-1) = 3774.0, 3478.5, 3100.57, 2908.7, 1750.5, 1680.0, 1650.19, 
1580.3, 1534.8. UV-vis (200-800nm): λmax = 225 nm.  
2.6.33 Synthesis of 5-bromoisophthalic acid (38)  
 
Isophthalic acid (5 g, 30.1 mmol) was dissolved in 20 mL concentrated sulphuric acid and heated to 
60° C then N-bromosuccinimide (6.4 g, 35.95 mmol) was added portionwise over 45 minutes at such 
rate no bromide gas evolved from the mixture. The solution was stirred at 60° C for 2 hours before it 
was cooled down to room temperature and poured to crushed ice. The white solid was filtered and 
washed with water then dried under vacuum overnight, the crude product was recrystallised from 
ethyl acetate to afford the pure product (7.1 g, yield 96%). 1H NMR spectra and EI-MS matched those 
previously reported40.  
2.6.34 Synthesis of dimethyl 5-bromoisophthalate (39)  
 
To a solution of 38 (12.62 g, 51.5 mmol) in 150 mL methanol, was added concentrated sulphuric acid 
10 mL and refluxed for 24 hours. The solution was allowed to reach room temperature and cooled to 
5° C, the white solid was filtered and washed with cold methanol before was recrystallised from 
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methanol to produce the product as a white solid (10 g, yield 71%.1H NMR spectra and EI-MS 
matched those reported41.  
2.6.35 Synthesis of dimethyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isophthalate (40)  
 
A solution of 39 (3 g, 11 mmol), 4,4,4',4',5,5,5',5'-octamethyl-2,2'-bi(1,3,2-dioxaborolane) 26 (3.1 g, 
12.1 mmol) and potassium acetate (3.2 g, 33 mmol) in dry 1.4-dioxane (150 mL) were degassed by 
perching nitrogen through the solution for 30 minutes before adding [1,1′-
Bis(diphenylphosphino)ferrocene]dichloropalladium(II) complex with dichloromethane (0.36 g, 0.44 
mmol) under a positive nitrogen stream. The solution was heated at 80° C for 24 hours under nitrogen, 
then solvent was removed under reduced pressure. The residue was poured to dichloromethane then 
washed with water 150 mL × 3 and dried over magnesium sulphate, filtered followed by solvent 
removal under reduced pressure. The crude was purified by column chromatography (silica gel, ethyl 
acetate and petroleum spirit v/v 1:10) to afford white solid (3.2 g, yield 91.4%). 1H NMR spectra and 
EI-MS superimposed the previously reported42.  
2.6.36 Synthesis of di-tert-butyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isophthalate (41)  
 
40 (5 g, 15.6 mmol) was dissolved in dry diethyl ether 200 mL and stirred under nitrogen. Potassium 
tert-butoxide (10.5 g, 93.7 mmol) was added in portions with positive nitrogen stream and stirred at 
room temperature for 24 hours. The solution was poured into water and extracted with ethyl acetate, 
the combined organic phases was washed with water 150 mL × 3 and dried over magnesium sulphate 
followed by solvent removal under reduced pressure to a get the product as a white solid (4.1 g, yield 
65.1%).1H NMR spectra and EI-MS matched those reported43.  
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2.6.37 Synthesis of tetra-tert-butyl 2',5'-bis(((S)-1-methoxy-4-methyl-1-oxopentan-2-
yl)carbamoyl)-[1,1':4',1''-terphenyl]-3,3'',5,5''-tetracarboxylate (42)  
 
7 (1 g, 1.73 mmol), 41 (1.5 g, 3.63 mmol) and potassium carbonate (2.4 g, 17.3 mmol) were mixed 
in (tolune 50% : water 50%) mixture 50 mL. This solution was degassed by mean of freeze-pump-
thaw for two times before tetrakis(triphenylphosphine)palladium(0) (0.4 g, 0.35 mmol) was added, 
after which the solution was degassed once more. The mixture was refluxed at 110°C under nitrogen 
for 48 hours. After cooling the solution to room temperature, it was poured into water and extracted 
with dichloromethane three times. The combined organic layers were washed with brine and water 
before being dried over MgSO4, which was followed by the removal of the solvent under reduced 
pressure. The crude product was purified by column chromatography (silica gel, ethyl acetate: 
petroleum spirit 2: 10 v/v), to collect the product as a white solid which might need a wash with 
minimum amount of methanol (0.8 g, 47.1% yield). 1H NMR (300 MHz, chloroform-d, R.T.) δ (ppm) 
= 8.63 (td, J = 1.6, 0.5 Hz, 2H), 8.22 (d, J = 1.6 Hz, 4H), 7.72 (d, J = 2.3 Hz, 2H), 5.77 (dd, J = 8.3, 
4.0 Hz, 2H for N-H), 4.58 (tdd, J = 7.9, 5.4, 2.0 Hz, 2H for α-CH), 3.64 (d, J = 1.8 Hz, 6H), 1.62 (s, 
36H), 0.92 – 0.85 (m, 6H for γ-CH and β-CH2), 0.78 (ddd, J = 6.6, 4.2, 3.2 Hz, 12H). 13C NMR 
(300MHz, chloroform-d, R.T.) δ (ppm) = 172.56, 167.27, 164.42, 139.15, 138.20, 136.96, 133.09, 
130.74, 130.06, 81.91, 52.33, 51.10, 41.34, 29.67, 28.13, 22.66, 21.72. EI-MS; Calculated (L+Na)+ 
m/z = 995.49, found (L+Na)+ m/z =995.48. Elemental analysis: calculated for (C54H72N2O14): C = 
66.65, H = 7.46, N = 2.88; found C = 66.94, H = 7.55, N = 2.57. Selected FTIR (ATR, cm-1) = 
3324.99, 3050.00, 2926.61, 2851.14, 1721.66, 1670.43, 1625.63, 1574.59, 1533.54. UV-vis (200-
800nm): λmax = 235 nm.  
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2.6.38 Synthesis of 2',5'-bis(((S)-1-methoxy-4-methyl-1-oxopentan-2-yl)carbamoyl)-[1,1':4',1''-
terphenyl]-3,3'',5,5''-tetracarboxylic acid (H4-43)  
 
To a cold solution (0 °C) of 42 (100 mg, 0.1 mmol) in 10 mL dry dichloromethane, trifluoroacetic 
acid 1 mL was added dropwise under nitrogen and was stirred at room temperature overnight under 
nitrogen. Solvent was removed under reduced pressure then more dichloromethane was added and 
removed, this step was repeated three times to remove the access of trifluoroacetic acid. The white 
solid was dissolved in 1M aqueous solution sodium hydroxide and washed with dichloromethane 
followed by acidification to pH = 3 by concentrated hydrochloric acid. The product was extracted 
from ethyl acetate three times, the combined organic layers were dried over MgSO4, which was 
followed by the removal of the solvent under reduced pressure to get the product as white solid (62 
mg, 83% yield). 1H NMR (300 MHz, Methanol-d4, R.T.) δ (ppm) = δ 8.69 (td, J = 1.6, 0.5 Hz, 2H), 
8.37 (dd, J = 1.6, 0.7 Hz, 4H), 7.66 (d, J = 0.7 Hz, 2H), 4.45 – 4.30 (m, 2H for α-CH), 2.01 (s, 6H), 
1.57 – 1.41 (m, 4H for β-CH2), 1.32 – 0.94 (m, 2H for γ-CH), 0.86 – 0.67 (m, 12H). 13C NMR 
(300MHz, Methanol-d4, R.T.) δ (ppm) = 169.74, 167.19, 146.76, 140.08, 138.05, 137.60, 133.61, 
131.55, 130.02, 78.28, 56.28, 51.17, 24.29, 22.04, 20.16. EI-MS; Calculated (L+H)+ m/z = 749.26, 
found (L+H)+ m/z =749.26. Elemental analysis: calculated for (C38H40N2O14): C = 60.96, H = 5.39, 
N = 3.74; found C = 61.23, H = 5.71, N = 4.01. Selected FTIR (ATR, cm-1) = 3302.6, 3191.0, 2957.22, 
2923.71, 2852.88, 2509.00, 1741.85, 1704.62, 1621.02, 1544.02. UV-vis (200-800nm): λmax = 230 
nm and 245 nm. Specific optical rotation [αD] at 22° C in DMSO = -101.46.  
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2.6.39 Synthesis of 2',5'-bis(((S)-1-carboxy-3-methylbutyl)carbamoyl)-[1,1':4',1''-terphenyl]-
3,3'',5,5''-tetracarboxylic acid (H6-44)  
 
To a cold solution (0 °C) of 42 (100 mg, 0.1 mmol) in 20 mL THF, aqueous solution of sodium 
hydroxide 20 mL of 2.5 M was added dropwise. The solution stirred at room temperature for 24 hours 
then washed with chloroform. The aqueous solution was acidified with concentrated hydrochloric 
acid to pH = 2 then the white solid was filtered and washed with water and dried under vacuum (65 
mg, 90.2 % yield). 1H NMR (300 MHz, DMSO-d6, R.T.) δ (ppm) = δ 8.70 (dd, J = 14.3, 8.1 Hz, 2H 
for N-H), 8.48 (q, J = 1.8 Hz, 2H), 8.17 (d, J = 1.4 Hz, 4H), 7.45 (d, J = 2.5 Hz, 2H), 4.18 (m, 2H for 
α-CH), 2.44 – 2.05 (m, 4H for β-CH2), 1.46 – 1.31 (m, 2H for γ-CH), 0.69 (ddd, J = 24.5, 11.9, 6.4 
Hz, 12H). 13C NMR (300MHz, DMSO-d6, R.T.) δ (ppm) = 174.18, 169.76, 167.80, 140.01, 139.97, 
137.87, 137.51, 133.62, 132.35, 131.70, 60.10, 24.33, 21.96, 20.15. EI-MS; Calculated (L-H)- m/z = 
719.21, found (L-H)- m/z =719.33. Elemental analysis: calculated for (C36H36N2O14): C = 60.00, H = 
5.04, N = 3.89; found C = 59.76, H = 4.64, N = 3.49. Selected FTIR (ATR, cm-1) = 3284.51, 2962.8, 
2544.6, 2057.5, 1691.55, 1636.48, 1543.99. UV-vis (200-800nm): λmax = 245 nm. Specific optical 
rotation [αD] at 22° C in DMSO = -543. 
2.6.40 Synthesis of 2',5'-di-tert-butyl 3,3'',5,5''-tetramethyl [1,1':4',1''-terphenyl]-2',3,3'',5,5',5''-
hexacarboxylate (45)  
 
A mixture of 33 (218.1 mg, 0.5 mmol), 40 (480 mg, 1.5 mmol), potassium carbonate (691 mg, 5 
mmol) and dry DMF (20 mL) was stirred under nitrogen before was degassed for two times by 
152 
 
mean of freeze pump thaw. Then tetrakis(triphenylphosphine)palladium(0) (115.6 mg, 0.1 mmol) 
was added under a nitrogen positive pressure before it was degassed for more one time, then the 
solution was stirred under nitrogen at 90 °C for 48 hours. The DMF was removed under reduced 
pressure and the residue was poured into ethyl acetate and washed with water 3 × 100 mL then with 
brine, the combined organic layers were dried with MgSO4, filtered and followed by solvent 
removal under reduced pressure. The dark brown solid was purified by column chromatography 
(silica gel, chloroform), the second fraction was washed with cold methanol to get the product as 
white solid (0.24 mg, yield 48%). 1H NMR (300 MHz, chloroform-d, R.T.) δ (ppm) = δ 8.72 (ddd, J 
= 6.7, 3.3, 1.6 Hz, 2H), 8.26 – 8.23 (m, 4H), 7.83 (s, 2H), 3.99 – 3.96 (m, 12H), 1.26 (s, 18H). 13C 
NMR (300MHz, chloroform-d, R.T.) δ (ppm) = 166.73, 165.83, 134.30, 133.89, 133.82, 132.30, 
130.83, 13.62, 130.38, 52.45, 27.63, 20.30. EI-MS; Calculated (L-Na)- m/z = 685.226, found (L-
Na)- m/z =685.226. Elemental analysis: calculated for (C36H38O12): C = 63.04, H = 5.59; found C = 
62.92, H = 5.40. Selected FTIR (ATR, cm-1) = 3740, 3672, 3950, 2890.11, 2840, 1720, 1720.33, 
1650.88, 1540.40. UV-vis (200-800nm): λmax = 285 nm. 
2.6.41 Synthesis of 2',5'-bis(tert-butoxycarbonyl)-[1,1':4',1''-terphenyl]-3,3'',5,5''-tetracarboxylic 
acid (H4-46)  
 
A suspension of the protected ligand 45 (50 mg, 75.5 µmol) in methanol (10 mL) was cooled to 0 °C 
before a solution of sodium hydroxide 2 M (4 mL) was added dropwise. The solution was stirred at 
room temperature for three hours after which was filtered and acidified with HCl to pH = 1. The white 
solid was filtered and washed with water to get the product as white solid (40 mg, yield 87.3 %). 1H 
NMR (300 MHz, DMSO-d6, R.T.) δ (ppm) = δ 8.50 (ddt, J = 5.0, 3.3, 1.6 Hz, 4H), 8.13 (d, J = 1.6 
Hz, 2H), 8.08 (s 2H), 1.17 (s, 18H). 13C NMR (300MHz, DMSO-d6, R.T.) δ (ppm) = 174.3, 168.6, 
143.6, 140.7, 136.0, 134.2, 129.7, 125.6, 120.2, 80.2, 28.7. EI-MS; Calculated (L-Na)- m/z = 629.16, 
found (L-Na)- m/z = 629.16. Elemental analysis: calculated for (C32H30O12): C = 63.35, H = 4.99; 
found C = 63.50, H = 5.12. Selected FTIR (ATR, cm-1) = 3540, 3254.5, 2690.11, 2440, 1750, 1620.66, 
1580, 1470.40. UV-vis (200-800nm): λmax = 285 nm. 
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2.6.42 Synthesis of dimethyl 2,2'-((2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) 
terephthaloyl)bis(azanediyl))(2S,2'S)-bis(4-methylpentanoate) (47)  
 
A solution of 7 (1 g, 1.74 mmol), 26 (1.33 g, 5.22 mmol) and potassium acetate (1.03 g, 10.44 mmol) 
were dissolved in 30 mL dry DMF and degassed for two times before [1,1′-
Bis(diphenylphosphino)ferrocene]dichloropalladium(II) dichloromethane (0.26 g, 0.32 mmol) was 
added, after which the solution was degassed once more. The solution was stirred at 85°C for 48 
hours under nitrogen. Then the mixture was cooled down to room temperature before 100 mL of ethyl 
acetate was added and filtered followed by solvent removal under reduced pressure. The crude 
product was purified by column chromatography (silica gel, acetone50% and petroleum spirit 50%) 
to yield (1.1 g, yield 94%) of orange solid. 1H NMR (300 MHz, CDCl3, 300 K.) δ (ppm) = 7.75 (s, 
2H), 6.62 (d, J = 8.5 Hz, 2H for N-H), 4.90-4.8 (m, 2H, α -CH), 3.76 (s, 6H), 1.74-1.65 (m, 6H, for γ 
– CH and β - CH2), 1.36 (s, 24H); 1.03 – 0.90 (m, 12H). 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm)= 
173.17, 167.79, 130.77, 127.38, 124.76, 83.44, 52.46, 51.69, 41.49, 24.98, 24.81, 22.72; 11B NMR 
(300 MHz, CDCl3, 300 K.) δ (ppm) = 30.57, 22.21. EI-MS; calculated (L+H)+ m/z= 673.41, found 
(L+H)+ m/z= 673.08. Elemental analysis: calculated for (C34H54B2N2O10): C = 60.73, H = 8.09, N = 
4.17; found 60.54, H = 8.33, N = 4.64. Selected FTIR (ATR, cm-1) = 3262.03, 2978.15, 2934.15, 
1747, 1473, 1455, 1370.9, 1145, 1123.20, 84858. UV-vis (200-800nm): λmax = 210 nm. 
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2.6.43 Synthesis of dimethyl 2,2'-((2,5-di([2,2'-bipyridin]-5-yl)terephthaloyl)bis(azan-
ediyl))(2S,2'S) -bis(4-methylpentanoate) by Suzuki coupling(49)  
 
A mixture of 47 (0.63 g, 0.94 mmol), 5-bromo-2,2'-bipyridine (0.66g, 2.8 mmol) and potassium 
carbonate (1.3 g, 9.4 mmol) were dissolved in dry DMF and degassed for three times after which 
tetrakistriphenylphosphine palladium(0) (219.6 mg, 0.19 mmol) was added and degassed for more 
one time. The Solution was stirred at 90°C under nitrogen for 48 hours. Solvent was removed under 
reduced pressure, and the solid was poured into a water and extracted with ethyl acetate three times. 
The combined organic layers were passed through silica gel plug to remove the oxidised catalyst 
residue. Then the combined organic layers were washed with an aqueous solution of hydrochloric 
acid 1 M for several times. The combined aqueous layers were washed with chloroform form three 
times before the pH of the aqueous layers was brought to 9 by adding an aqueous solution of sodium 
hydroxide 2 M, the resulting solution was cooled down to 10 °C in an ice path for an hour. The 
precipitated white solid was collected by mean of filtration after which was purified by column 
chromatography (silica gel, ethyl acetate 50 to 100%, petroleum spirit 50 to 0%, aqueous ammonium 
hydroxide 1%) to get the product as off-white solid (0.27 g, yield 43.6%). 1H NMR (300 MHz, CDCl3, 
300 K.) δ (ppm) = δ 8.99 (dd, J = 2.4, 0.8 Hz, 2H), 8.72 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H), 8.55 (dd, J = 
8.3, 0.8 Hz, 2H), 8.47 (d, J = 8.0 Hz, 2H), 8.10 (dd, J = 8.3, 2.4 Hz, 2H), 7.86 (ddd, J = 8.0, 7.5, 1.8 
Hz, 2H), 7.35 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H), 6.19 (d, J = 8.5 Hz, 2H for NH), 5.30 (s, 2H), 4.67 (td, 
J = 8.7, 3.4 Hz, 2H for α CH), 3.65 (d, J = 2.5 Hz, 6H), 1.64 – 1.26 (m, 6H for β CH2 and γ CH), 0.80 
(ddd, J = 12.0, 6.5, 2.8 Hz, 12H). ). 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm)= 155.77, 155.54, 
149.28, 147.40, 136.99, 135.14, 133.08, 123.92, 121.18, 121.17, 52.42, 51.16, 49.20, 47.57, 41.28, 
40.42, 36.64, 24.69, 22.62, 21.71. EI-MS; calculated for (L+H)+ m/z = 729.34, found (L+H)+ m/z = 
729.5; (L+Na)+ m/z = 751.32, found (L+Na)+ m/z = 751.4. Elemental analysis: calculated for 
(C42H44N6O6): C = 69.21, H = 6.09, N = 11.53; found C = 69.31, H = 5.97, N = 11.40. Selected FTIR 
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(ATR, cm-1) = 3269, 3060.2, 2954.45, 2872.5, 2155, 2021.8, 1737.57, 1641.05, 1587.88,1542.66. 
UV-vis (200-800nm): λmax = 312 nm. Specific optical rotation [αD] at 22° C in methanol = -523. 
2.6.44 Synthesis of (2S,2'S)-2,2'-((2,5-di([2,2'-bipyridin]-5-yl)terephthaloyl)bis(azanediyl))bis (4-
methylpentanoic acid) (H2-50)  
 
A mixture of 49 (0.2 g, 0.275 mmol) and 20 mL methanol was cooled down in an ice path before 5 
mL of 2M aqueous NaOH was added dropwise. The resulting solution left to reached room 
temperature and stirred overnight after which was filtered and acidified to pH = 5. The resulting solid 
was filtered and washed with water and dried over vacuum suction over night to give the desired 
product (0.15 g, 78% yield). 1H NMR (300 MHz, DMSO-d6, 300 K.) δ (ppm) = δ 8.90 (dd, J = 2.4, 
0.8 Hz, 2H), 8.70 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H), 8.45 (dd, J = 8.3, 0.8 Hz, 2H), 8.35 (d, J = 8.0 Hz, 
2H), 7.80 (dd, J = 8.3, 2.4 Hz, 2H), 7.56 (ddd, J = 8.0, 7.5, 1.8 Hz, 2H), 7.35 (ddd, J = 7.5, 4.8, 1.2 
Hz, 2H), 5.30 (s, 2H), 4.66 (td, J = 8.7, 3.4 Hz, 2H for α CH), 1.74 – 1.23 (m, 6H for β CH2 and γ 
CH), 0.85 (ddd, J = 12.0, 6.5, 2.8 Hz, 12H). ). 13C NMR (75 MHz, DMSO-d6, 300 K.) δ (ppm)= 
165.70, 165.54, 150.42, 143.50, 138.89, 130.14, 128.20, 120.02, 115.18, 90.75, 62.42, 55.16, 49.28, 
45.68, 40.23, 34.52, 26.80, 23.60, 19.85. EI-MS; (L+H)+ m/z = Calculated 701.31. Found = 701.31; 
(L+Na)+ m/z = Calculated 723.29. Found = 723.29. Elemental analysis: calculated for (C40H40N6O6): 
C = 68.56, H = 5.75, N = 11.99; found C = 68.41, H = 5.97, N = 11.60. Selected FTIR (ATR, cm-1) 
= 3450.5, 3320.2, 3160.1, 2870.5, 2870.0, 2250.1, 1921.8, 1850.57, 1712.0, 1620.9, 1580.5.  
2.6.45 Synthesis of 5,5'-dimethyl-2,2'-bipyridine (52)  
 
A solution of 2-bromo-5-methylpyridine (10 g, 57.8 mmol), potassium carbonate (8 g, 57.8 mmol), 
palladium acetate (0.65 g, 2.9 mmol), tetrabutylammonium bromide (9.32 g, 28.9 mmol), N,N´-
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dimethylformamide 6.5 mL and water 2.5 mL were stirred under nitrogen at 105° C for few minutes 
then isopropanol (2.8 mL, 57.8 mmol) was added to the mixture then stirred at 115° C for 48 hours. 
The solution was allowed to reach room temperature and was poured into water and extracted with 
diethyl ether 150 mL × 3, the combined organic layers were dried over magnesium sulphate, filtered 
followed by solvent removal. 1H NMR and EI-MS matched those reported21 and showed a pure 
product so it used for the next step without further purification (5.1 g, yield 96%).  
2.6.46 Synthesis of [2,2'-bipyridine]-5,5'-dicarboxylic acid (53)  
 
A solution of 52 (4 g, 21.7 mmol) and potassium permanganate (13.7 g, 86.8 mmol) in 100 mL water 
was refluxed at 115° C overnight. The mixture allowed to reach room temperature and filtered 
through celite and the precipitate was washed with 1M aqueous solution of sodium hydroxide, the 
filtrate was cooled to 4° C and acidified with concentrated hydrochloric acid, The with solid was 
filtered, washed with water then with methanol and dried under vacuum ( 5 g, yield 94%). 1H NMR 
and EI-MS matched the reported data22.  
2.6.47 Synthesis of dimethyl 2,2'-(([2,2'-bipyridine]-5,5'-dicarbonyl)bis(azanediyl))(2S,2'S)-
dipropionate (54)  
 
53 (2 g, 8.2 mmol) and 1-hydroxybenzotriazole hydrate 2.4 g, 18.04 mmol) were dissolved in 60 mL 
dry DMF was stirred at 0 °C under nitrogen, then N,N′-dicyclohexylcarbodiimide (DCC) (3.7 g, 18.04 
mmol) was added followed by N,N´-diisopropylethylamine (3.5 mL, 36.1 mmol). After 5 minutes, a 
solution of L-alanine methyl ester hydrochloride (2.03 g, 19.7 mmol) and N,N´-
diisopropylethylamine (3.5 mL, 36.1 mmol) in 30 mL dry DMF was added dropwise. The mixture 
was allowed to reach room temperature and stirred under nitrogen for three days monitored by TLC. 
The solution was filtered the filtrate was poured to a water and extracted with dichloromethane 100 
mL × 3. The combined organic layers were washed excessively with water then washed with 1 M 
aqueous solution sodium hydroxide 50 mL × 2 then with water three times. The combined organic 
layers were dried over MgSO4, filtered and the solvent removed under reduced pressure. This steps 
(filtration and wash) were repeated once more. The yellow solid was washed with ethanol, filtered 
and dried under vacuum to afford pure product as a white solid (2.2 g, yield 65%). 1H NMR (300 
MHz, CD3Cl, 300 K.) δ (ppm) = 9.09 (dt, J = 2.4, 1.0 Hz, 2H), 8.52 (dt, J = 8.2, 1.0 Hz, 2H), 8.22 
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(ddd, J = 8.2, 2.4, 1.1 Hz, 2H), 6.94 (d, J = 7.2 Hz, 2H for N-H), 4.84 (p, J = 7.2 Hz, 2H), 3.82 (s, 
6H), 1.57 (d, J = 7.2 Hz, 6H). 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm) = 173.40, 164.72, 147.99, 
135.88, 129.63, 121.25, 52.73, 48.61, 18.59. EI-MS; Calculated (L+H)+ m/z = 415.16, (L+Na)+ m/z 
= 437.14, found (L+H)+ m/z = 415.16, (L+Na)+ m/z = 437.14. Elemental analysis: calculated for 
(C20H22N4O10): C = 57.97, H = 5.35, N = 13.52; found C = 57.67, H = 5.30, N = 13.32. Selected FTIR 
(ATR, cm-1) = 3755.5, 3284.83, 3087, 3000. 2957, 2855.7, 1731.11, 1635, 1593, 1550.31, 1530. UV-
vis (200-800nm): λmax = 305 nm.  
2.6.48 Synthesis of (2S,2'S)-2,2'-(([2,2'-bipyridine]-5,5'-dicarbonyl)bis(azanediyl))dipropionic 
acid (H2-55)  
 
A solution of 54 (0.2 g, 0.36 mmol) in 10 mL methanol was cooled to 0° C before aqueous solution 
of sodium hydroxide 10 mL of 2 M was added dropwise and stirred at room temperature overnight. 
The solution was filtered and washed with water then acidified by hydrochloric acid to pH 5, the 
white solid was extracted with ethyl acetate and dried over magnesium sulphate, filtered followed by 
solvent removal under reduced pressure (0.13 g, yield 68%). 1H NMR (300 MHz, Methanol-d4, 300 
K.) δ (ppm) = 9.25 (dd, J = 2.1, 1.0 Hz, 2H for N-H), 9.14 (dt, J = 2.3, 1.1 Hz, 2H), 8.60 – 8.52 (m, 
2H), 8.38 (ddd, J = 8.3, 2.3, 1.0 Hz, 2H), 4.65 (q, J = 7.3 Hz, 2H for α-CH), 1.55 (dd, J = 7.4, 0.8 Hz, 
6H). 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm)= 193.17, 189.71, 166.51, 138.28, 136.17, 121.68, 
119.20, 56.28, 16.03. EI-MS; Calculated (L+H)+ m/z = 387.13, (L+Na)+ m/z = 409.11, found (L+H)+ 
m/z = 387.13, (L+Na)+ m/z = 409.11. Elemental analysis: calculated for (C18H18N4O6): C = 55.96, H 
= 4.70, N = 14.50; found C = 56.16, H = 4.98, N = 14.0. Selected FTIR (ATR, cm-1) = 3752.6, 3292.6, 
3090, 2980, 2569.3, 1736, 1696.7, 1640.93, 1594, 1549, 1464. UV-vis (200-800nm): λmax = 305 nm. 
Specific optical rotation [αD] at 22° C in methanol = -48.23 
2.6.49 Synthesis of dimethyl 2,2'-(([2,2'-bipyridine]-5,5'-dicarbonyl)bis(azanediyl))(2S,2'S)-bis(4-
methylpentanoate) (56)  
 
53 (2 g, 8.2 mmol) and 1-hydroxybenzotriazole hydrate (2.4 g, 18.04 mmol) were dissolved in 60 mL 
dry DMF was stirred at 0 °C under nitrogen, then N,N′-dicyclohexylcarbodiimide (DCC) (3.7 g, 18.04 
mmol) was added followed by N,N´-diisopropylethylamine (3.5 mL, 36.1 mmol). After 5 minutes, a 
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solution of L-leucine methyl ester hydrochloride (2.3 g, 17.22 mmol) and N,N´-
diisopropylethylamine (3.5 mL, 36.1 mmol) in 30 mL dry DMF was added dropwise. The mixture 
was allowed to reach room temperature and stirred under nitrogen for three days monitored by TLC. 
The solution was filtered followed by solvent removal under reduced pressure, the residue was 
redissolved in dichloromethane and filtered. The organic layer was washed excessively with water 
then washed with 1M aqueous solution sodium hydroxide and dried over MgSO4, filtered followed 
by solvent removal under reduced pressure. The crude product was purified by column 
chromatography (silica gel, chloroform and methanol v/v 10:1) a white solid product was harvested 
after solvent removal under reduced pressure (1.5 g, yield 61.5%). 1H NMR (300 MHz, CD3Cl, 300 
K.) δ (ppm) = 9.05 (dd, J = 2.3, 0.9 Hz, 2H), 8.45 (dd, J = 8.3, 0.8 Hz, 2H), 8.18 (dd, J = 8.3, 2.3 Hz, 
2H), 6.89 (d, J = 8.2 Hz, 2H for N-H), 4.89 (td, J = 8.7, 4.2 Hz, 2H for α-CH), 3.80 (s, 6H), 1.84 – 
1.56 (m, 6H for γ-CH and β-CH2), 1.01 (td, J = 4.4, 1.5 Hz, 12H). 13C NMR (75 MHz, CDCl3, 300 
K.) δ (ppm) = 173.54, 165.28, 157.31, 147.98, 135.82, 129.60, 121.08, 52.50, 51.29, 41.56, 25.03, 
22.80. EI-MS; Calculated (L+H)+ m/z = 499.3, (L+Na)+ m/z = 521.24, found (L+H)+ m/z = 499.3 
(L+Na)+ m/z =521.3. Elemental analysis: calculated for (C26H34N4O6): C = 62.64, H = 6.87, N = 
11.24; found C = 62.63, H = 7.37, N = 11.41. Selected FTIR (ATR, cm-1) = 3750, 3600, 3292.72, 
2955.78, 2931.18, 2876, 1742.30, 1637.58, 1593.66, 1533.99. UV-vis (200-800nm): λmax = 305 nm. 
2.6.50 Synthesis of (2S,2'S)-2,2'-(([2,2'-bipyridine]-5,5'-dicarbonyl)bis(azanediyl))bis(4-
methylpentanoic acid) (H2-57)  
 
56 (100 mg, 0.2 mmol) was dissolved in methanol 5 mL, the solution was cooled down to 0° C before 
A solution of sodium hydroxide (0.8 g in 10 mL water was added dropwise and stirred at room 
temperature overnight. The solution was filtered and washed with water then acidified by 
hydrochloric acid to pH = 5, the white solid was extracted with ethyl acetate and dried over 
magnesium sulphate, filtered followed by solvent removal under reduced pressure (90 mg, yield 
96%). 1H NMR (300 MHz, MD3OD, 300 K.) δ (ppm) = 9.17 – 9.09 (m, 2H), 8.58 – 8.51 (m, 2H), 
8.40 – 8.32 (m, 2H), 4.74 – 4.65 (m, 2H for α-CH), 1.81 (m, 6H for γ-CH and β-CH2), 1.05 – 0.97 
(m, 12H). 13C NMR (75 MHz, CD3OD, 300 K.) δ (ppm) = 166.66, 157.05, 148.31, 136.17, 130.09, 
120.65, 56.88, 39.92, 24.87, 21.99, 20.33. EI-MS; Calculated (L+H)+ m/z = 471.2, (L+Na)+ m/z = 
493.2, found (L+H)+ m/z = 471.3, (L+Na)+ m/z =493.2. Elemental analysis: calculated for 
(C24H30N4O6): C = 61.26, H = 6.43, N = 11.91; found C = 60.98, H = 6.77, N = 11.42. Selected FTIR 
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(ATR, cm-1) = 3279.24, 3067, 2957.74, 2931, 2871.43, 1980.32, 1717.56, 1638.59, 1594, 1536.90. 
UV-vis (200-800nm): λmax = 305 nm. Specific optical rotation [αD] at 22° C in methanol = -36.5.  
2.6.51 Synthesis of tetramethyl 2,2'-(([2,2'-bipyridine]-5,5'-dicarbonyl)bis(azanediyl))(2S,2'S)-
diglutarate (58)  
 
53 (2 g, 8.2 mmol) and 1-hydroxybenzotriazole hydrate 2.4 g, 18.04 mmol) were dissolved in 60 mL 
dry DMF was stirred at 0° C under nitrogen, then N,N′-dicyclohexylcarbodiimide (DCC) (3.7 g, 18.04 
mmol) was added followed by N,N´-diisopropylethylamine (3.5 mL, 36.1 mmol). After 5 minutes, a 
solution of dimethyl ester L-glutamate 11 (3.5 g, 19.7 mmol) and N,N´-diisopropylethylamine (3.5 
mL, 36.1 mmol) in 30 mL dry DMF was added dropwise. The mixture was allowed to reach room 
temperature and stirred under nitrogen for four days monitored by TLC. The solution was filtered the 
filtrate was poured to a water and extracted with dichloromethane 100 mL × 3. The combined organic 
layers were washed excessively with water then washed with 1 M aqueous solution sodium hydroxide 
50 mL × 2 then with water three times. The combined organic layers were dried over MgSO4, filtered 
and the solvent removed under reduced pressure. This steps (filtration and wash) were repeated once 
more. The yellow solid was washed with ethanol, filtered and dried under vacuum to afford pure 
product as a white solid (2.5 g, yield 55%). 1H NMR (300 MHz, CD3Cl, 300 K.) δ (ppm) =9.11 (dd, 
J = 2.3, 0.9 Hz, 2H), 8.53 (dt, J = 8.3, 0.8 Hz, 2H), 8.25 (ddd, J = 8.3, 2.3, 0.8 Hz, 2H), 7.44 (d, J = 
7.2 Hz, 2H for N-H), 4.83 (td, J = 7.6, 4.9 Hz, 2H for α-CH), 3.81 (s, 6H), 3.69 (s, 6H), 2.63 – 2.48 
(m, 4H for γ-CH), 2.42 – 2.12 (m, 5H for β-CH2). 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm) = 
173.92, 172.07, 165.19, 157.53, 148.16, 135.91, 121.21, 52.70, 52.07, 30.24, 26.73. EI-MS; 
Calculated (L+H)+ m/z = 559.2, (L+Na)+ m/z = 581.19, found (L+H)+ m/z = 559.2, (L+Na)+ m/z 
=581.19. Elemental analysis: calculated for (C26H30N4O10): C = 55.91, H = 5.41, N = 10.03; found C 
= 56.18, H = 5.48, N = 9.94. Selected FTIR (ATR, cm-1) = 3296.29, 2991.7, 1950, 2933.8, 2852.8, 
1739.72, 1629.91, 1593.18, 1530.75, 1459. UV-vis (200-800nm): λmax = 305 nm.  
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2.6.52 Synthesis of (2S,2'S)-2,2'-(([2,2'-bipyridine]-5,5'-dicarbonyl)bis(azanediyl))diglutaric acid 
(H4-59)  
 
A solution of 58 (0.2 g, 0.36 mmol) in methanol 10 mL was cooled to 0° C before aqueous solution 
of sodium hydroxide 10 mL of 2M was added dropwise and stirred at room temperature overnight. 
The solution was filtered and washed with water then acidified by hydrochloric acid to pH = 5, the 
white solid was extracted with ethyl acetate and dried over magnesium sulphate, filtered followed by 
solvent removal under reduced pressure (0.1 g, yield 56%). 1H NMR (300 MHz, Methanol-d4, 300 
K.) δ (ppm) = 9.25 (dd, J = 2.1, 1.0 Hz, 1H for N-H), 9.14 (m, 2H), 8.55 – 8.52 (m, 3H), 8.42 – 8.33 
(m, 2H), 4.69 (dd, J = 9.3, 4.9 Hz, 2H for α-CH), 2.52 (t, J = 7.0 Hz, 4H for γ-CH), 2.45 – 2.07 (m, 
4H for β-CH2). 13C NMR (75 MHz, Methanol-d4, 300 K.) δ (ppm)= 475.22, 166.67, 157.12, 148.56, 
138.50, 136.21, 121.68, 120.78, 30.12, 26.19, 13.02. EI-MS; Calculated (L+H)+ m/z = 503.14, 
(L+Na)+ m/z = 525.12, found (L+H)+ m/z = 503.14, (L+Na)+ m/z = 525.12. Elemental analysis: 
calculated for (C22H22N4O10): C = 52.59, H = 4.41, N = 11.15; found C = 52.80, H = 4.86, N = 10.98. 
Selected FTIR (ATR, cm-1) = 3310, 3050, 2950, 2939, 2656, 2569.3, 1979, 1684, 1593. UV-vis (200-
800nm): λmax = 275 nm. Specific optical rotation [αD] at 22° C in methanol = -12.9. 
2.6.53 Synthesis of [1,1'-biphenyl]-4,4'-dicarboxylic acid (H2-61)  
 
Dimethyl [1,1'-biphenyl]-4,4'-dicarboxylate (5 g, 18.5 mmol) was suspended in aqueous solution 
sodium hydroxide 100 mL of 2M and stirred overnight. The solution was cooled down to room 
temperature and filtered, the solid was washed with water. The combined aqueous layers washed with 
chloroform before acidified to pH = 2 with concentrated hydrochloric acid. The white solid was 
washed with water and dried under vacuum (4.4 g, yield 98) and used without further purification. 
1H NMR spectra and EI-MS matched those reported44.  
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2.6.54 Synthesis of dimethyl 2,2'-(([1,1'-biphenyl]-4,4'-dicarbonyl)bis(azanediyl))(2S,2'S)-bis(4-
methylpentanoate) (62)  
 
In a two neck round bottom flask and under nitrogen H2-61 (2 g, 8.26 mmol) and 1-
hydroxybenzotriazole hydrate (2.8 g, 20.6 mmol) were dissolved in 60 mL dry DMF and stirred at 0 
°C before of N,N′-dicyclohexylcarbodiimide (DCC) (4.3 g, 20.6 mmol) was added followed by N,N´-
diisopropylethylamine (3.6 mL, 20.6 mmol). After 5 minutes, a solution of L-leucine methyl ester 
hydrochloride (3.00 g, 16.5 mmol) and N,N´-diisopropylethylamine (3.6 mL, 20.6 mmol) in 30 mL 
dry DMF was added dropwise. The mixture was stirred at room temperature under nitrogen for four 
days monitored by TLC. The solution was filtered and poured to a water followed by an extraction 
with ethyl acetate 60 mL × 3. The combined organic layers were washed excessively with water then 
washed with 1 M aqueous solution sodium hydroxide 30 mL × 2 then with water. The combined 
organic layers were dried over MgSO4, filtered and the solvent was removed under reduced pressure. 
The crude product was purified by column chromatography (silica gel, chloroform) to yield white 
solid (3 g, yield 67%). 1H NMR (300 MHz, CDCl3, 300 K.) δ (ppm) = 7.86 (m, 4H), 7.58 (m, 4H), 
6.93 (d, J = 8.2 Hz, 2H, N-H), 4.91 – 4.79 (m, 2H, α-CH), 3.76 (s, 6H), 1.80 – 1.64 (m, 4H, β-CH2), 
1.57 (d, J = 12.4 Hz, 2H, γ-CH), 1.02 – 0.90 (m, 12H). 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm) 
= 173.70, 166.87, 143.10, 133.07, 127.75, 127.20, 52.39, 51.26, 32.88, 22.82, 21.93. EI-MS; 
calculated (L+Na)+ m/z = 519.25, Found (L+Na)+ m/z =519.3. Elemental analysis: calculated for 
(C28H36N2O6): C = 67.72, H = 7.31, N = 5.64; found C = 67.51, H = 7.63, N = 5.69. Selected FTIR 
(ATR, cm-1) = 3330.2, 3098.8, 3072.7, 1739, 1637.7, 1614.5, 155.6, 1496. UV-vis (200-800nm): λmax 
= 265 nm 
2.6.55 Synthesis of (2S,2'S)-2,2'-(([1,1'-biphenyl]-4,4'-dicarbonyl)bis(azanediyl))bis(4-
methylpentanoic acid) (H2-63)  
 
Method A:  
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At 0 °C aqueous solution of sodium hydroxide 20 mL of 2 M was added slowly to the 62 (0.2 g, 0.4 
mmol) and stirred at room temperature overnight. The solution was filtered and washed with 
chloroform before was acidified with concentrated hydrochloric acid to pH = 2. The product was 
collected my mean of filtration and dried under vacuum to afford the product as a white solid (0.16 
g, yield 84.7%). 1H NMR (300 MHz, CD3OD, 300 K.) δ (ppm) = 7.98 (m, 4H), 7.80 (m, 4H), 3.45 
(tt, J = 10.4, 4.0 Hz, 2H, α-CH), 1.77 – 1.65 (m, 4H, β-CH2), 1.60 (m, Hz, 2H, γ-CH), 1.01 (t, J = 5.6 
Hz, 12H). 13C NMR (75 MHz, CD3OD, 300 K.) δ (ppm) = 143.01, 133.40, 127.80, 126.76, 40.16, 
33.32, 25.31, 24.62, 22.03, 20.42. EI-MS; calculated (L+Na)+ m/z = 491.2, Found (L+Na)+ m/z 
=491.2. Elemental analysis: calculated for (C26H32N2O6): C = 66.65, H = 6.88, N = 5.98; found = 
66.75, H = 6.95, N = 5.59. Selected FTIR (ATR, cm-1) = 3752.6, 3486.5, 3322.07, 3257.9, 2954, 
2928.7, 2850.3, 2167, 1982, 1727.9, 1626.9, 1545.2, 1492. UV-vis (200-800nm): λmax = 210 nm. 
Specific optical rotation [αD] at 22° C in methanol = -50.23. 
Method B:  
Under nitrogen, thionyl chloride 15 mL was added to [1,1'-biphenyl]-4,4'-dicarboxylic acid H2-61 (2 
g, 8.3 mmol) with three drops DMF and stirred at 85 °C overnight. The excess of thionyl chloride 
was removed under reduced pressure to afford [1,1'-biphenyl]-4,4'-dicarbonyl dichloride which was 
used without further purification. A solution of L-leucine (2.3 g, 17.43 mmol) and sodium hydroxide 
(0.7 g, 17.43 mmol) in 20 mL water, was added slowly over one hour to [1,1'-biphenyl]-4,4'-
dicarbonyl dichloride (2.3 g, 8.3 mmol) at 0 °C. The pH was maintained at 8 - 9 by adding 4 M 
aqueous solution sodium hydroxide. The mixture stirred at room temperature for further three hours 
before was acidified to pH = 2 with concentrated hydrochloric acid at 0 °C. The white solid was 
filtered and washed with 30 mL water then with 10 mL ethanol - water (1:1) and dried under vacuum 
to afford (1.9 g, yield 49%).  
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2.6.56 Synthesis of dimethyl (4'-(methoxycarbonyl)-[1,1'-biphenyl]-4-carbonyl)-L-glutamate (65) 
and tetramethyl 2,2'-(([1,1'-biphenyl]-4,4'-dicarbonyl)bis(azanediyl))(2S,2'S)-diglutarate 
(66)  
 
A solution of H2-61 (1.4 g, 5.71 mmol) and 1-hydroxybenzotriazole hydrate (1.9 g, 14.3 mmol) in 
dry DMF 30 mL was stirred at 0 °C under nitrogen and N,N′-dicyclohexylcarbodiimide (DCC) (3 g, 
14.3 mmol) was added followed by N,N´-diisopropylethylamine (1.4 mL, 14.3 mmol). After 5 
minutes, a solution of dimethyl ester L-glutamate 11 (2 g, 11.42 mmol) and N,N´-
diisopropylethylamine (1.4 mL, 14.3 mmol) in 30 mL dry DMF was added dropwise. The mixture 
was allowed to reach room temperature and stirred under nitrogen for three days monitored by TLC. 
The solution was filtered followed by solvent removal under reduced pressure, the residue was poured 
to a water and extracted with ethyl acetate 40 mL × 3. The combined organic layers were washed 
excessively with water then washed with 1 M aqueous solution sodium hydroxide 30 mL × 2 then 
with water. The combined organic layers were dried over MgSO4, filtered and the solvent was 
removed under reduced pressure. The crude product was purified by column chromatography (silica 
gel, ethyl acetate 50% : petroleum spirit 50%) to collect two fractions the second one was the mono-
substituted 65 as a while solid (0.7 g, 22.5% yield). Crystals suitable for X-ray diffraction were grown 
from ethyl acetate petroleum spirit. 1H NMR (300 MHz, CDCl3, 300 K.) δ (ppm) = 8.10 (m, 2H), 7.91 
(m, 2H), 7.70 – 7.63 (m, 4H), 7.24 (d, J = 7.5 Hz, 1H for NH), 4.83 (td, J = 7.8, 4.9 Hz, 1H for α-
CH), 3.93 (s, 3H), 3.78 (s, 3H), 3.65 (s, 3H), 2.60 – 2.44 (m, 2H for γ- CH2), 2.42 – 2.09 (m, 2H for 
β- CH2). 13C NMR (75 MHz, CDCl3, 300 K.) δ (ppm)= 176.1, 165.5, 163.2, 147.0, 143.0, 138.3, 
130.0, 128.0, 127.5, 125.3, 124.0, 58, 54, 52, 26, 25. EI-MS; (L+H)+ m/z = 414.3, (L+Na)+ m/z = 
436.14. Elemental analysis: calculated for (C22H23NO7): C = 63.92, H = 5.61, N = 3.39; found C = 
63.84, H = 6.01, N = 3.86. Selected FTIR (ATR, cm-1) = 3321.79, 2930.21, 2851.32, 1934.20, 
1718.36, 1608.97, 1575.41, 1519.47. UV-vis (200-800nm): λmax = 225 nm. 
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Then the mobile phase was switched to ethyl acetate to collect the di-substituted product 66 as a white 
solid after solvent removal (1.9 g, 61%yield). 1H NMR (300 MHz, CDCl3, 300 K.) δ (ppm) =7.92 
(m, 4H), 7.70 (m, 4H), 7.16 (d, J = 7.4 Hz, 2H for NH), 4.84 (td, J = 7.7, 4.9 Hz, 2H for α-CH), 3.80 
(s, 6H), 3.67 (s, 6H), 2.62 – 2.46 (m, 4H for γ- CH2), 2.43 – 2.10 (m, 4H for β- CH2). 13C NMR (75 
MHz, CDCl3, 300 K.) δ (ppm) =173.74, 172.36, 143.29, 132.91, 127.77, 127.35, 52.63, 51.95, 33.92, 
25.59, 24.91. EI-MS; calculated (L+H)+ m/z = 557.21; (L+Na)+ m/z = 579.19, found (L+H)+ m/z = 
557.16; (L+Na)+ m/z = 579.15. Elemental analysis: calculated for (C28H32N2O10): C = 60.43, H = 
5.80, N = 5.03; found C = 60.13, H = 5.52, N = 4.89. Selected FTIR (ATR, cm-1) = 3303.8, 2951.2, 
2928, 2850, 1738, 2629, 1611, 1528.5, UV-vis (200-800nm): λmax = 225 nm and 285nm.  
2.6.57 Synthesis of (4'-carboxy-[1,1'-biphenyl]-4-carbonyl)-L-glutamic acid (H3-67)  
 
Aqueous solution of 2 M sodium hydroxide (20 mL) was added drop wise to a cold solution (0 °C) 
of 65 (0.2 g, 0.5 mmol) in 10 mL methanol. After stirring the mixture at room temperature overnight, 
the solution was filtered and acidified with hydrochloric acid to pH = 7 then the methanol was 
removed under reduced pressure before it was acidified to pH = 2 with hydrochloric acid. The white 
precipitate was collected by mean of filtration, washed with water and dried under vacuum (0.16 g, 
yield 89%). 1H NMR (300 MHz, Methanol-d4, 300 K.) δ (ppm) = 8.12 (m, 2H), 7.98 (m, 2H), 7.80 
(dq, J = 8.5, 2.0 Hz, 4H), 7.48 (m, 1H for NH) 4.67 (dd, J = 9.3, 4.9 Hz, 1H for α-CH), 2.51 (t, J = 
7.0 Hz, 2H for γ- CH2), 2.41 – 2.04 (m, 2H for β- CH2). 13C NMR (75 MHz, Methanol-d4, 300 K.) δ 
(ppm)= 180.0, 178.5, 165.2, 164.1, 150.0, 148.3, 138.5, 135.2, 130.0, 128.1, 125.0, 58.0, 32.0, 25.5. 
EI-MS; calculated (L+H)+ m/z = 372.11, found (L+H)+ m/z = 372.00. Elemental analysis: calculated 
for (C19H17NO7): C = 61.45, H = 4.61, N = 3.77; found C = 61.35, H = 4.52, N = 4.05. Selected FTIR 
(ATR, cm-1) = 3321.5, 2923.8, 2852.8, 2662, 2551.8, 1934, 1682.7, 1606, 1575.6, 1537, 1517, 1491. 
UV-vis (200-800nm): λmax = 210 nm. Specific optical rotation [αD] at 22° C in methanol = -128.01.  
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2.6.58 Synthesis of (2S,2'S)-2,2'-(([1,1'-biphenyl]-4,4'-dicarbonyl)bis(azanediyl))diglutaric acid 
(H4-68)  
 
66 (0.15 g, 0.27 mmol) was dissolved in methanol 20 mL and the solution was cooled down to 0 °C. 
To this solution, an aqueous solution of sodium hydroxide 20 mL of 2 M was add dropwise and the 
mixture was stirred at room temperature overnight. The solution was filtered and acidified to pH = 7 
and methanol was removed under reduced pressure then acidified to pH = 2. The white solid was 
filtered, washed with water and dried under vacuum (0.13 g yield 89%). 1H NMR (300 MHz, 
Methanol-d4, 300 K.) δ (ppm) = 7.98 (m, 4H), 7.81 (m, 4H), 4.67 (dd, J = 9.4, 4.9 Hz, 2H for α-CH), 
2.58 – 2.45 (m, 4H for γ- CH2), 2.41 – 2.05 (m, 4H for β- CH2). 13C NMR (75 MHz, Methanol-d4, 
300 K.) δ (ppm)= 180.0, 175.4, 168.2, 145.6, 136.5, 130.0, 129.5, 65.8, 30.2, 25.1. EI-MS; calculated 
(L+Na)+ m/z = 523.13, found (L+Na)+ m/z = 523.13. Elemental analysis: calculated for 
(C24H24N2O10): C = 57.60, H = 4.83, N = 5.60, C = 57.40, H = 5.23, N =6.01. Selected FTIR (ATR, 
cm-1) = 3309, 2929.2, 2861.5, 2580.9, 1932.8, 1712.1, 1608.7, 1536.8, 1491. UV-vis (200-800nm): 
λmax = 210 nm. Specific optical rotation [αD] at 22° C in methanol = -17.05. Cooling the aqueous 
solution of ligand 66 at pH = 5 in fridge at 4 °C for three weeks produced crystals suitable for X-ray 
diffraction  
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3.0 Chapter Three – Achiral Metal-Organic Frameworks  
3.1 Introduction  
While the overarching aims of this project focus on the preparation of chiral materials, as discussed 
in Chapter Two, a number of achiral ligands were also prepared – often as intermediates to the final 
chiral products. With these materials in hand, they were also used as building blocks for the formation 
of a series of achiral coordination. Each of the achiral ligands (Figure 3-1) were used for this purpose 
through a coordination with metal ions. Most of the achiral ligands were coordinated to a similar 
metal ions that the correspondence chiral ligands were reacted. This metal choice to introduce a 
comparison points to study the effects of the stereogenic centres. Secondly, following the literature 
were some of the intermediates have been used to prepare coordination polymers with similar metal 
ions1-21, 3-8. A full comparison between the achiral coordination polymers which are the core of this 
chapter and the chiral coordination polymers will be discussed in chapter four. This will give insight 
about the incorporation of stereogenic centres on the resulting chiral networks.  
 
Figure 3-1: The chemical structure of the prepared achiral ligands.  
3.1.1 Synthesis and X-ray of QUF-1 [Co2(18)2(CH3COO)4(H2O)2]n  
Ligand 18 was dissolved in a hot DMF : methanol mixture and was added to hot solution of cobalt 
acetate tetrahydrate in methanol then the combined solution was heated for further 5 minutes before 
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was left for crystallisation at room temperature. After one week, pink single crystals suitable for X-
ray diffraction were formed in 40 % yield. From the crystal structure, QUF-1 crystallises in triclinic 
P͞1 space group and the unit cell contains two cobalt(II), two units of ligand 18, four acetate anions 
and two water ligands. The CoII adopts octahedral geometry, it coordinates to two bridging acetate 
groups, one monodentate acetate group, one water ligands and two pyridine groups (Figure 3-2).  
 
Figure 3-2: The coordination node of the network QUF-1 
Each CoII bridge to two other metal centres through two bridging acetate to form one-dimensional 
metal-acetate chains. These chains link to each other through the axial coordination of two pyridine 
groups to the metal centre CoII to give rise to two-dimensional coordination polymer (Figure 3-3) that 
connect in square lattice (sql) topology. The structure has rotational disorder in the pyridyl rings. The 
disorder was modelled across two positions and the occupancies were set appropriately and the atoms 
were refined anisotopically.  
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Co(II) 
Co(II) 
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Monodentate carboxylate 
Water ligand 
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Figure 3-3: Representation of the crystal structure of the network QUF-1 showing the connectivity 
of two-dimensional network (hydrogen atoms were omitted for clarity).  
The two-dimensional sheets are linked to each other through hydrogen bonds. These hydrogen bonds 
form between the water ligand and the oxygens from the acetates groups distances 2.7 Å angle 156.4 
and 2.7 Å angle 152.9. The acetate groups preventing the two-dimensional networks to stuck over 
each other which forming void spaces between the sheets that calculated of 145.3 Å which represents 
6.6 % of the unit cell (Figure 3-4).  
 
Figure 3-4: The crystal packing of the networks illustrating the arrangement of the networks and 
the void space (hydrogen atoms were deleted for clarity).  
Connectivity through acetate 
The acetate groups 
Void space 
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3.1.2 Synthesis and X-ray structure of QUF-2 [Co(18)(HCOO)2]n  
Heating a mixture of 66, 18 and cobalt(II) chloride in water containing DMF to 160 °C for 48 hours 
produced pink needle crystals upon cooling the mixture to room temperature. The X-ray crystal 
structure shows that although 66 was present in the reaction mixture it was not present in the final 
product. QUF-2 is a three-dimensional achiral coordination polymer containing 18, CoII and formate 
anions with the formula [CoII(18)(HCOO)2]n. The Co
II adopts an octahedral geometry by coordinating 
to four oxygen from four bridging format ligand and two nitrogen from two bridging bipyridine 
ligands (Figure 3-5).  
 
Figure 3-5: Representation of the crystal structure of the coordination polymer QUF-2. A is the 
coordination node [CoO4N2]. B is the crystal structure showing the coordination fashion of the 
network (hydrogen atoms were deleted for clarity).  
Each metal centre links to four others through bridging formate ligands to form two-dimensional 
sheets, these sheets are connected by an axial coordination of the 18 ligands resulting in a three-
dimensional coordination polymer with mab topology. The spaces between the networks chains are 
filled with the methyl groups of the ligand 18 resulting in a non-porous 3D network (Figure 3-6). The 
synthesis of QUF-2 was repeated to confirm the formation of the product in the absence of 66.  
A B 
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Figure 3-6: The crystal packing of the coordination polymer QUF-2 (hydrogen atoms were omitted 
for clarity).  
3.1.3 Synthesis and X-ray structure of QUF-3 [Co(18)Cl2]n  
In a reaction to that just discussed 65, 18 and cobalt(II) chloride hexahydrate were combined in water, 
sealed in Teflon lined container and heated slowly to 160 °C at a rate of 6 °C per hour and left at 160 
°C for 48 hours. Blue needle crystals suitable for X-ray diffraction were obtained upon cooling the 
mixture slowly to room temperature. The X-ray crystal structure shows the product is one-
dimensional coordination polymer of 18 and cobalt(II) chloride without the chiral ligand 65 The 
coordination polymer QUF-3 crystallises in the monoclinic P21/c space group and the unit cell 
consists of one unit of ligand 18, one CoII metal centre and two Cl ligands. The tetrahedral CoII 
coordinates to two pyridyl groups form ligand 18 and two chloride ligands (Figure 3-7).  
 
Figure 3-7: Representation of the crystal structure of the coordination polymer QUF-3 illustrating 
the polymer chain and the coordination node [CoN2Cl2] (hydrogen atoms were deleted for clarity).  
Coordination node 
Coordination polymer chain  
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The one-dimensional coordination polymer chains interact through π−π interaction resulting in cross 
like architecture (Figure 3-8).  
 
Figure 3-8: The crystal packing of the coordination polymer QUF-3 showing the chains 
arrangement in cross like fashion (hydrogen atoms were omitted for clarity).  
3.1.4 Synthesis and X-ray structure of QUF-4 (CH3)2NH2+[In(18)Cl4]-·2DMF  
A solution of 18, concentrated hydrochloric acid and indium(III) nitrate hydrate in DMF was heated 
up to 80 °C in a sealed glass vial, colourless crystals suitable for X-ray diffraction was obtained upon 
cooling the mixture to room temperature slowly. The X-ray crystal structure reveals the product is 
one-dimensional coordination polymer QUF-4 and it crystallises in the triclinic P͞1 space group. The 
asymmetric unit consists of half InIII, half unit of ligand 18, two chloride ligands, one DMF solvent 
and one dimethyl ammonium. The InIII metal centre adopts octahedral geometry through six 
coordinates with two pyridyl groups and four chloride ligands. The octahedral InIII bridge by the 
linear ligand 18 to form one-dimensional coordination polymer and the distance between the metal 
centre is 15.9 Å (Figure 3-9).  
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Figure 3-9: A is Representation of the crystal structure of the coordination polymer QUF-4 with the 
solvent DMF and dimethyl ammonium cation. B is the coordination node [In(N)2(Cl)4]
-.  
Between the chains are one-dimensional channels that accommodate DMF solvent molecules as well 
as dimethyl ammonium cations (Figure 3-10). The void space was calculated after removing the guest 
molecules to be 326.5 Å3 which represents 40.3 % of the unit cell.  
 
Figure 3-10: The crystal packing of the coordination polymer QUF-4 showing the quest molecules 
DMF and dimethyl ammonium accommodating the network one-dimensional sheets (hydrogen 
atoms were deleted for clarity).  
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3.1.5 Synthesis and X-ray structure of QUF-5 [Zn(19)(H2O)]n  
The network QUF-5 was prepared in two different methods, diffusion at room temperature and 
solvothermal method. First, from a solution of DMF and triethyl amine was diffused into a solution 
of ligand 1,4-dicarboxylic acid 2,5-bipyridine H2-19 and zinc acetate hexahydrate in DMF. The 
reaction was carried out in a sealed vessel at room temperature and after about one month colourless 
crystals suitable for X-ray diffraction were obtained. The same product was prepared by dissolving 
ligand H2-19 and zinc nitrate hexahydrate in DMF, the solution was heated to 90 °C for 48 hours, 
colourless crystals were obtained upon cooling the mixture slowly to rom temperature at a rate of 3 
°C per hour. The crystal structure shows that the product is three-dimensional network QUF-5, it 
crystallises in the monoclinic P21/n space group and the unit cell contains one zinc(II), one unit of 
ligand 19 and one water ligand. The coordination node consists of octahedral metal centre ZnII 
coordinates to two pyridine groups, two bridging carboxylate, one monodentate carboxylate and one 
water ligand (Figure 3-11).  
 
Figure 3-11: The coordination node of the 3D network QUF-5 
Each metal centre ZnII bridge to four other ZnII through two bridging carboxylate and two pyridine 
groups that coordinate to ZnII axially. In other words, ligand 19 coordinate to ZnII through one 
monodentate carboxylate and one bridging carboxylate and two pyridine groups (Figure 3-12). The 
connection topology of this network is crb/BCT and the point symbol is {4.65}.  
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Figure 3-12: Representation of the crystal structure of the framework QUF-5 (hydrogen atoms 
were deleted for apart from water ligands for clarity).  
This coordination fashion gives rise the formation of three-dimensional coordination polymer QUF-
5. Looking to the crystal packing, the coordinated carboxylate from the side of the ligand makes the 
distance between the ligand chains about 3.15 Å. The oxygen atoms from the monodentate 
carboxylate and water ligands arrange in a zigzag fashion between the chains (Figure 3-13). The 
hydrogen bonds in the structure also add extra connections between the network chains. For example 
the water ligands forms hydrogen bonds with the monodentate and bridging carboxylate groups 
distances are 2.6, 2.8 and 2.7 Å angles are 151.2, 120.1 and 139.7 respectively.  
 
Figure 3-13: The crystal packing of the three-dimensional network QUF-5 (hydrogen atoms were 
deleted for clarity).   
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3.2 Synthesis of coordination polymers based on 2,5-dibromoterephthalic acid (H2-2)  
The 2,5-dibromoterephthalic acid H2-2 was used as a functional core to synthesise a series of chiral 
intermediate ligands 6, H2-8, H2-10 and H4-13. The terephthalic acid utilised to synthesis a wide range 
of well-known coordination polymers as a bridging linker9-10 including MOF-511, UIO-6612 and 
MUF-7713. For example, Yaghi and co-workers used 1,4-benzenedicarboxylate to synthesise one of the 
best-known metal-organic frameworks MOF-511. This coordination polymer found to have large cavity 
which occupy about 20 % of the unit cell and high internal surface area which was employed in gas 
sorption applications. The 1,4-benzenedicarboxylate ligands was also employed by Telfer and co-
workers to synthesise multicomponent metal organic frameworks MUF-77 which was discussed in 
Chapter One13. Similarly the halide substituted 1,4-benzenedicarboxylate linkers were also reported to 
construct a wide range of coordination polymers 14-26.  
 
In addition to constructing a wide range of coordination polymers containing halide substituted 1,4-
benzenedicarboxylate as linkers with different metal ions, the 2,5-dibromoterephthalic acid H2-2 was 
also coordinated to cobalt(II) in few reports27-29. In this section the 2,5-dibromoterephthalic acid H2-
2 was coordinated with cobalt(II) using the achiral ligand 1,4-dimethyl-2,5-(4-pyridyl)benzene 18 as 
spacer to produce coordination polymers. The geometry of the resulting networks will be discussed 
in contrast with those prepared from the chiral ligands in Chapter Four.  
3.2.1 Synthesis and X-ray structure of QUF-6 [Co(18)1.5(2)(H2O)]n·(H2O)(DMF)  
The 2,5-dibromoterephthalic acid H2-2 and 1,4-dimethyl-2,5-(4-pyridyl)benzene 18 were reacted 
with cobalt(II) chloride hexahydrate in water containing DMF at 70 °C, pink coloured crystals 
suitable for X-ray diffraction were obtained from cooling the mixture slowly to room temperature. 
The pink solid was collected by centrifuging the suspension for 5 minutes at 400 rpm, then the solid 
was washed several times with methanol then with acetone after which was dried under high vacuum 
to give 30 mg (61 % yield). The crystal structure of the product shows that QUF-6 crystallises in the 
triclinic P͞1 space group and the asymmetric unit consists of CoII, one unit of 2,5-dibromoterephtalate 
2, one and half unit of ligand 18, one water ligand, one water solvent molecule and one DMF solvent 
molecule. The metal centre CoII adopts octahedral geometry by coordinating to two monodentate 
carboxylate and three pyridyl nitrogen and one water ligand (Figure 3-14).  
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Figure 3-14: The coordination node [Co(COO)2N3(H2O)] of the network QUF-6. 
The structure forms a three-dimensional cube-like network. In each network, the metal centre CoII 
bridge to other five metal centres through three bipyridine ligands 18 in three different directions 
distance 15.7 Å and also link to two other by two 2,5-dibromoterephthalate 2 distance 14.5 Å in (bnn) 
hexagonal topology. This coordination fashion give rises the formation of three-dimensional cube 
like network (Figure 3-15). This cube has three types of windows leading to the void space, large 
windows with 15.7 Å × 22.9 Å dimensions, another square windows through the cube base with 15.7 
Å × 15.7 Å and small windows with 15.7 Å × 11.5 Å dimensions. Even though the crystal structure 
data was collected using a small crystal fragment utilising the synchrotron X-ray source, the structure 
still has a rotational disorder. The disordered atoms were modelled across two position and with the 
appropriate occupancies and were refined isotopically especially for the disordered DMF solvent 
molecule.  
 
Figure 3-15: The cube like crystal structure of the network QUF-6 (carbon attached hydrogen 
atoms and solvent molecules were omitted for clarity).  
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The network produces a void space of 284.2 Å3 about 15.1 % of the unit cell, this cavity is full with 
solvent molecules DMF and water (Figure 3-16). The DMF solvent molecules connect to each other 
through hydrogen bonds between the oxygen and the methyl group distance is 2.6 (6) Å angle is 127.1 
°. The network also form hydrogen bonds that add extra connection, hydrogen bonds form between 
the water ligand and the uncoordinated oxygen from the monodentate carboxylate distances are 2.7 
and 2.7 Å and angels are 136.8 and 134.9 respectively.  
 
Figure 3-16: The crystal packing of the network QUF-6 showing the solvent molecules 
accommodating the network cavity (hydrogen atoms were deleted for clarity).  
3.2.2 Synthesis and X-ray structure of QUF-7 [Co(18)(2)]n  
The achiral ligands 2,5-dibromoterephthalic acid H2-2 and 1,4-dimethyl-2,5-(4-pyridyl)benzene 18 
were suspended in a solution of cobalt(II) chloride hexahydrate in water, the mixture was placed in a 
sealed Teflon reactor before was heated to 160 °C at heating rate of 6 °C per hour. The temperature 
was held at this level for 72 hours before was cooled down to room temperature and the cooling rate 
was same as heating speed to produce pink crystals suitable for X-ray diffraction. The crystal structure 
of the product QUF-7 reveals it crystallises in triclinic P͞1 space group and the asymmetric unit 
consists of one CoII, one unit of 1,4-dimethyl-2,5-(4-pyridyl)benzene 18 and one unit of 2,5-
dibromoterephthalate 2. The cobalt(II) metal centre adopts octahedral geometry through six 
coordinates, four bridging carboxylate and two pyridyl groups (Figure 3-17).  
Water solvent molecules  
DMF 
solvent 
molecules  
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Figure 3-17: The coordination node [Co2(COO)2O4N4]of the achiral coordination polymer QUF-7.  
Each CoII metal centre bridge to other four CoII, it links to two CoII through two bridging carboxylate 
from the dicarboxylate ligand 2 and the other two link through two linear bipyridine ligand 18 to form 
three-dimensional network QUF-7 (Figure 3-18 A). This connection fashion lead to unreported new 
topology which can be described as 4,6-c net with stoichiometry of (4-c)(6-c)2 and the symbol point 
is {32.45.54.64}2{32.62.72} (Figure 3-18 B).  
 
Figure 3-18: A is the representation of the crystal structure of the coordination polymer QUF-7 
[Co(18)(2)] showing the connectivity between the metal centre and the ligands (hydrogen atoms 
were deleted for clarity). B is a simplified diagram illustrating the topology of the coordination 
polymer QUF-7.  
Each two dicarboxylate ligand 2 bridge six CoII to form two-dimensional rectangles which they link 
together axially through the bipyridine ligand 18 to give rise cube like networks. Each cube has three 
types of windows toward the cube cavity which encapsulate 74.6 Å3 that represents 5.9 % of the unit 
cell. The first largest window 15.8 Å × 9.4 Å, the second window with the dimension of 9.4 Å × 4.8 
Å and the dimension of last window is 15.8 Å × 4.8 Å (Figure 3-19).  
A 
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Figure 3-19: The crystal packing illustrating the cube formed by the coordination polymer QUF-7 
and the windows dimensions that lead to the network cavity (hydrogen atoms were deleted for 
clarity).   
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3.3 Synthesis of coordination polymers based on biphenyldicarboxylates  
The ligands core biphenyldicarboxylate 61 employed to synthesise a wide range of coordination 
polymers including the previously described multicomponent MUF-7713. This linker H2-61 was 
coordinated to a metal centre by itself to form coordination polymers including the IRMOF30 or 
combined with another spacer ligand31-32 Therefore in this section the ligands core 
biphenyldicarboxylates 61 and the bipyridine ligand 18 used to synthesise achiral coordination 
polymer to be compared later with the chiral networks that prepared from the chiral ligand.  
3.3.1 Synthesis and X-ray structure of QUF-8 [Zn(18)0.5(61)]n  
The achiral ligands 1,4-dimethyl-2,5-(4-pyridyl)benzene 18 and 4,4´-dicarboxylate biphenyl H2-61 
was reacted with zinc nitrate hexahydrate in DMF at 120 °C, colourless crystals were produced from 
cooling the solution to room temperature slowly. The X-ray crystal structure of the resulting 
colourless crystals confirm the formation of three-dimensional metal-organic framework QUF-8. The 
network crystallises in the triclinic P͞1 space group and the asymmetric unit consists of one unit of 
dicarboxylate ligand 61, half unit of ligand 18 and ZnII metal centre. The ZnII adopts square pyramidal 
geometry through five coordinates, it coordinates to four bridging carboxylate and one pyridyl group. 
Each two metal centres ZnII bridge through four bridging carboxylate as well as bridging to another 
metal centre ZnII through the bipyridine linear ligand 18 to form a paddlewheel node (Figure 3-20).  
 
Figure 3-20: The Coordination paddlewheel node [Zn2(COO)4N2] of the metal-organic framework 
QUF-8.  
Each paddlewheel coordination node links to other six nodes through four dicarboxylate ligands 61 
distance 15.0 Å and two bipyridine ligands 18 distance is 15.4 Å to give rise three-dimensional metal-
organic frameworks (Figure 3-21). The connection topology of the resulting network is primitive 
cubic lattice (pcu) with point symbol of {412.63}.  
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Figure 3-21: Representation of the crystal structure of the coordination polymer QUF-8 showing 
the connectivity between the metal centres and the ligands (hydrogen atoms were omitted for 
clarity).  
The dicarboxylate ligands 61 coordinate to ZnII to form 4 × 4 squares then these squares bridge by 
the linear bipyridine ligands 18 to form cube like networks. The network also has a void space of 
225.2 Å3 which represents 19.8 % of the unit cell. This cavity can be accessed through four windows 
with all the same size 15.4 Å × 15.0 Å (Figure 3-22).  
 
Figure 3-22: The crystal packing of the representation of the crystal structure of the network QUF-
8 showing the connectivity of the cube and the windows size toward the network cavity (hydrogen 
atoms were deleted for clarity).  
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The intermediate ligand H2-61 has been used as a linker with a wide range of bipyridine derivatives 
ligands to produce a numerous numbers of coordination polymers. For example, H2-61 and 4,4´-
bipyridine formed an interpenetration networks when were reacted with zinc nitrate under 
hydrothermal condition33. On the other hand, the same components formed a isostructural network 
under a different solvothermal conditions34. The dicarboxylate 61 have been also used to generate a 
series of coordination polymers alongside with other bipyridine ligands35-36.   
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3.4 Synthesis of coordination polymers based on isophthalate functional group  
Isophthalate was used as functional group to prepare chiral ligands H4-43 and H6-44 as well as achiral 
ligand H4-46 (Figure 3-23). In the literature, a wide range of coordination polymers was prepared 
from isophthalate based ligands37-40. Hong and co-worker reported a series of coordination polymers 
made from hexacarboxylate isophthalate based ligand (Figure 3-23) by controlling the solvent ratio40. 
In this section ligand H4-46 used to synthesise coordination polymer through the reaction with 
copper(II). In this ligand only tetracarboxylate groups were selectively activated while the other two 
kept protected with tertiary butyl ester.  
 
Figure 3-23: The chemical structure of the synthesised chiral and achiral ligands and the structure 
of hexacarboxylate isophthalate ligand.  
3.4.1 Synthesis and X-ray structure of QUF-9 [Cu(46)0.5(H2O)]n  
The achiral coordination polymer QUF-9 was prepared from a solvothermal reaction of the partially 
hydrolysed hexacarboxylate ligand H4-46. The ligand 1,4-diisophthalate 2,5-ditertiary butyl ester 
benzene H4-46 and copper nitrate hemihydrate were dissolved in a mixture of DMF : water containing 
one drop of a concentrated hydrochloric acid, then the solution was placed in a glass vial and then 
heated up slowly to 85 °C, the temperature was held at 85 °C for 48 hours. Green needle crystals 
suitable for X-ray diffraction were obtained upon cooling the solution slowly to room temperature at 
a rate of 2.5 °C per hour. The crystal structure confirm the formation of three-dimensional 
coordination polymer QUF-9, it crystallises in the trigonal R͞3 space group and the asymmetric unit 
consists of half unit of ligand 46, one CuII and one water ligand. The CuII adopts octahedral geometry 
through a coordination with four oxygen from four bridging carboxylate, one water ligand and one 
CuII through CuII−CuII bond length 2.66 Å. Each two of the octahedral CuII bridge together in a 
paddlewheel node through tetra bisdentate carboxylate and one CuII−CuII bond as well as an axial 
CuII−OH2 coordination distance is 2.13 Å, this paddlewheel node can be represented by the general 
formula [(CuII)2(COO)4(OH2)2] (Figure 3-24).  
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Figure 3-24: The paddlewheel coordination node [(CuII)2(COO)4(OH2)2] of the coordination 
polymer QUF-9.  
Each coordination node link to four other paddlewheel nodes through four tetracarboxylate linking 
ligand 46 to form three-dimensional coordination polymer in butterfly like fashion (Figure 3-25). The 
topology of the resulting network is (nbo) with point symbol of {64.82}. The structure shows some 
rotational disordered especially for the tertiary butyl ester group which was modelled across two 
positions and the occupancies were set accordingly and refined isotropically.  
 
Figure 3-25: Representation of the crystal structure of the coordination polymer QUF-9 showing 
the butterfly like connection between the coordination node (hydrogen atoms link to carbon atoms 
were omitted for clarity).  
From the crystal packing, the three-dimensional structure shows interconnected porosity which 
calculated in total to be 5705.5 Å3 which represents 49.3% of the unit cell. Despite the tertiary butyl 
groups pointing toward the cavity of the coordination polymer and seems to be affecting the porosity, 
the structure still represent a relatively large interconnected void space (Figure 3-12).  
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Figure 3-26: The crystal packing of the network QUF-9. A is showing the network connectivity and 
the tertiary butyl ester positions cross the structure. B is the showing the interconnected void space 
(hydrogen atoms were deleted for clarity).  
It is expected that the presence of the tertiary butyl esters would decreased the cavity of the resulting 
coordination polymers. However, the void volume of the network QUF-9 is higher than those reported 
from similar ligand analogue41. This can be attributed to the extra coordination through the middle 
carboxylate that reduce the void volume while, the same position carboxylate in QUF-9 is protected 
by the tertiary butyl carboxylate resulting in less metal-connectivity points37-40. This can be supported 
by comparing the QUF-9 with the coordination polymer that the middle carboxylate uncoordinated 
to the metal centre41.   
A 
B 
Tertiary butyl 
ester group 
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3.5 Conclusions  
The work presented in this chapter has shown that employing the achiral ligand cores can produce a 
wide range of achiral coordination polymers upon reaction with suitable metal ions. The resulting 
achiral coordination polymers, include examples of one-, two- and three-dimensional materials. Not 
unexpectedly, the reaction conditions employed were found to have a significant effect on the nature 
of the products. For example, 2,5-dibromoterephthalate 2 and the linear dipyridylbenzene ligand 18 
produced two different three-dimensional coordination polymer QUF-6 and QUF-7 when the 
temperature was increased from 70 °C to 160 °C. In addition to the geometry differences in the 
resulting networks, the total void space in QUF-6 represents 15.1 % of the unit cell while it represents 
only 5.9 % of the unit cell in QUF-7.  
 
Introducing a linear ligand as “spacer” increased the porosity of the resulting coordination polymers. 
This was demonstrated through the introduction of ligand 18 to prepare QUF-8, the resulting MOF 
exhibit higher porosity from those previously reported. In addition to using the ligand cores to prepare 
achiral coordination polymers, the work in this chapter also includes the preparation of a series of 
achiral coordination polymers using the new achiral ligands. Including the two-dimensional 
coordination polymers that synthesised from ligand 18 and the three-dimensional network prepared 
from the oxidised version of the dipyridylbenzene ligand H2-19. The tetracarboxylate isophthalate 
based ligand H4-46 was used also to synthesise newly reported three-dimensional coordination 
polymer QUF-9.   
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3.6 Experimental  
3.6.1 General  
All solvents and reagents were obtained from commercial sources and they used without further 
purifications unless otherwise stated. The used dry solvents were dried by passing the solvents 
through an Innovative Technology PureSolv solvent purification system then stored under nitrogen. 
Elemental microanalyses were measured by the SCMB Microanalytical Service, University of 
Queensland. The yield percentages of the frameworks were calculated based on the formula extracted 
from the crystal structure.  
3.6.2 Crystallography  
Single crystals for X-ray diffraction were mounted under ambient conditions after been coated in 
Paratone N oil. The data were collected by using one of two main sources. The first, by using an 
Oxford Diffraction Gemini II ULTRA diffractometer operating at graphite-monochromated Mo Kα 
or Cu Kα wavelength generated from a sealed tube. Data was collected at 190 K. then indexed, 
integrated and reduced within the CrysAlisPro software package. The remainder of the data were 
collected at the Australian synchrotron by using MX1 and MX2 beamline operating at 0.71078 Å 
wavelength at a temperature of 100 K42. The data were indexed, integrated and reduced using XDS43 
absorption corrections (where necessary) were applied using SADABS. Processed data was solved 
using SHELXS-201444 or SHELXT45 within the WinGX46 or Olex247 graphical interfaces. Solutions 
were refined via a full-matrix least-squares refinement against F2 using SHELXL-201444. The 
hydrogen atoms were placed on appropriate atoms and refined using a riding model. Refinement data 
are listed in the appendix tables. 
3.6.3 Synthesis and crystallisation of QUF-1 [Co2(18)2(CH3COO)4(H2O)2]n  
A hot solution of cobalt acetate tetrahydrate (25 mg, 0.1 mmol) in methanol was added to a hot 
solution of 18 (26 mg, 0.1 mmol) in 15 mL of DMF : methanol mixture (2:1 v/v). The mixture was 
heated to 70 C for more 5 minutes without stirring, then the solution left for crystallisation at room 
temperature. After one week, needle pink crystals suitable for X-ray diffraction were formed. The 
product was filtered and washed with water 3 x 50 mL then with methanol 3 x 50 mL, then the solvent 
was exchanged with acetone by washing the product with acetone for several times after which was 
dried under high vacuum to give 22 mg 40.03 % yield. Elemental analysis calculated for 
[Co2(C18H16N2)2(CH3COO)4(H2O)2]·(H2O)0.5 is C = 57.44, H = 5.37, N = 6.09%; found C = 57.65, 
H = 4.89, N = 6.58 %. Molecular weight for [Co2(C18H16N2)2(CH3COO)4(H2O)2]·(H2O)0.5 is 919.21.  
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3.6.4 Synthesis and crystallisation of QUF-2 [Co(18)(HCOO)2]n  
Ligand 18 (10 mg, 38.0 µmol) was suspended in a solution of cobalt(II) chloride hexahydrate (27.1 
mg, 114 µmol) in water (2 mL) containing DMF (0.5 mL). The mixture placed in a Teflon sealed 
vessel and was heated slowly to 160 °C at a rate of 6 °C per hour, the temperature was held at 160 °C 
for 48 hours before was allowed to reach room temperature during 24 hours to produce pink needle 
crystals suitable for X-Ray diffraction. The pink solid was washed several times with water, methanol 
and then with acetone followed by drying the product under high vacuum for 24 hours to give the (10 
mg, yield 64.52 %) of the product. Elemental analysis calculated for Co(C18H16N2)(HCOO)2 C = 
58.67, H = 4.34, N = 6.85%; found C = 58.38, H = 3.96, N = 6.35 %. Molecular weight for 
Co(C18H16N2)(HCOO)2 is 409.06.  
3.6.5 Synthesis and crystallisation of QUF-3 [Co(18)Cl2]n  
Ligand 18 (28.4 mg, 0.11 mmol) was suspended in a solution of cobalt(II) chloride hexahydrate (77.1 
mg, 0.32 mmol) in water (2 mL), the mixture was placed in a sealed Teflon container and was heated 
up to 160 °C at heating rate of 6 °C per hour. The temperature was held at 160 °C for 48 hours, blue 
crystals suitable for X-ray diffraction were obtained upon cooling the mixture to room temperature at 
cooling rate of 6 °C per hour. The blue solid was collected by centrifuging the suspension at 4000 
rpm for 4 minutes, after which the solid was washed with water, methanol then with acetone and 
dried under high vacuum for 24 hours to give the (30 mg, yield 70.11 %) of the product. Elemental 
analysis calculated for (C18H16N2Cl2Co) C = 55.53, H = 4.15, N = 7.20%; found C = 55.67, H = 4.19, 
N = 6.89 %. Molecular weight calculated for (C18H16N2Cl2Co) is 389.00  
3.6.6 Synthesis and crystallisation of QUF-4 (CH3)2NH2+[In(18)Cl4]-·2DMF  
A solution of 18 (11.2 mg. 42.72 µmol), concentrated hydrochloric acid (3 drops) and indium(III) 
nitrate hydrate (38.6 mg, 128.2 µmol) in DMF (2 mL) was placed in a sealed glass vial. The solution 
was heated slowly at heating rate of 3 °C/h to 80 °C, the temperature was held at 80 °C for 72 hours 
then was cooled down to room temperature slowly at heating rate of 3 °C/h to obtain colourless 
crystals suitable for X-ray diffraction. The product was then collected by centrifuging the solution for 
5 minutes at 4000 rpm, after which the solid was washed several times with fresh DMF, methanol 
and then with acetone before was placed under high vacuum for 48 hours to give (15.5 mg, yield 
64.7%) of the product. Elemental analysis calculated for [In(C18H16N2)Cl4(CH3)2NH2)] is C = 42.78, 
H = 4.31, N = 7.49 %; found C = 42.80 , H = 4.21 , N = 7.80 %. Molecular weight is 560.98  
3.6.7 Synthesis and crystallisation of QUF-5 [Zn(19)(H2O)]n  
This network QUF-5 was synthesised by following two different methods. First, a solution of 
triethylamine (100 µL) in toluene (10 mL) was diffused into a solution of H2-19 (77.2 mg, 0.24 mmol) 
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and zinc acetate hexahydrate (73 mg, 0.246 mmol) in DMF (3 mL). The reaction was carried out in 
a sealed container and left to stand for crystallisation at room temperature and after one month 
colourless crystals suitable for X-ray diffraction were formed. The product was collected by mean of 
centrifuging for 4 minutes at 4000 rpm, then the sold product was washed for several times with 
methanol then with acetone before it was dried under high vacuum to give (50 mg, 52.1 % yield). 
Elemental analysis calculated for (C18H12N2O5Zn) C = 54.00, H = 3.02, N = 7.00%; found C = 54.17, 
H = 2.58, N = 6.60 %. Molecular weight calculated for (C18H12N2O5Zn) is 400.00. 
In the second method, ligand H2-19 (43.2 mg, 0.135 mmol) and zinc nitrate hexahydrate (118 mg, 0.4 
mmol) were dissolved in DMF (5 mL) and placed in a sealed glass vial. The mixture was heated to 
90 C at rate of 5 C per hours, the temperature was hold at this temperature for 25 hours before was 
cooled down to room temperature at a rate of 3 C per hour.  
3.6.8 Synthesis and crystallisation of QUF-6 [Co(18)1.5(2)(H2O)]·(H2O)(DMF)  
Intermediate H2-2 (20 mg, 62.14 µmol) and 18 (16.2 mg, 62.14 µmol) was suspended in a solution 
of cobalt(II) chloride hexahydrate (44.4 mg, 186.42 µmol) in water (4 mL) containing DMF (0.5 mL). 
The mixture was placed in a sealed glass vial and heated slowly to 70 °C, the temperature was held 
for 72 hours then allowed to cool down to room temperature slowly at cooling rate of 2 °C per hour 
to obtain pink crystals suitable for X-ray diffraction. The suspension was centrifuged for 5 minutes 
at 4000 rpm to collect the pink solid which was then washed several times with methanol then with 
acetone after which was dried under high vacuum to give (30 mg, 60.66 % yield). Elemental analysis 
calculated for [Co2(C18H16N2)3(C8H2Br2O4)2(H2O)2]·H2O is·C = 52.77, H = 3.67, N = 5.28 %; found 
C = 52.51, H = 4.03, N = 4.80 %. Molecular weight calculated for 
[Co2(C18H16N2)3(C8H2Br2O4)2(H2O)2]·H2O is 1591.96.  
3.6.9 Synthesis and crystallisation of QUF-7 [Co(18)(2)]n  
Ligand H2-2 (20 mg, 62.14 µmol) and 18 (16.2 mg, 62.14 µmol) was suspended in a solution of 
cobalt(II) chloride hexahydrate (44.4 mg, 186.42 µmol) in water (5 mL). The mixture was placed in 
a sealed Teflon vessel and heated slowly to 160 °C at heating rate of 6 °C per hour, the temperature 
was held for 72 hours then allowed to cool down to room temperature slowly at cooling rate of 6 °C 
per hour to obtain pink crystals suitable for X-ray diffraction. The suspension was centrifuged for 5 
minutes at 4000 rpm to collect the pink solid which was then washed several times with methanol 
then with acetone after which was dried under high vacuum to give (30 mg, 75.6 % yield). Elemental 
analysis calculated for (C26H18N2O4Br2Co) is C = 48.83, H = 2.84, N = 4.38%; found C = 49.05, H = 
2.96, N = 4.36 %. Molecular weight for [Co(C18H16N2)(C8H2Br2O4)] is 638.9.  
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3.6.10 Synthesis and crystallisation of QUF-8 [Zn(18)0.5(61)]n  
A solution of 18 (10.75 mg, 41.3 µmol), H2-61 (10 mg, 41.3 µmol) and zinc nitrate hexahydrate (12.3 
mg, 41.3 µmol) in DMF (2 ml) was placed in a sealed Teflon vessel and was heated to 120 °C at 
heating rate of 4 °C per hour. The temperature was held at 120 °C for 72 hours before was allowed 
to cool down to room temperature at cooling rate of 4 °C per hour to obtain colourless crystals suitable 
for X-ray diffraction. The product was collected by centrifuging the solution for 5 minutes at 4000 
rpm then was washed several times with fresh DMF, methanol then with acetone after which was 
placed under high vacuum to give (16.7 mg, 44.7 % yield). Elemental analysis calculated for 
[Zn2(C18H16N2)(C14H8O4)2]·(H2O)2 is C = 61.06, H = 4.01, N = 3.10%; found C = 61.08 , H = 3.90 , 
N = 2.99 %. Molecular weight for [Zn2(C18H16N2)(C14H8O4)2]·(H2O)2 is 904.1. 
3.6.11 Synthesis and crystallisation of QUF-9 [Cu(46)0.5(H2O)]n  
To a solution of H4-46 (10 mg, 16.5 µmol) and copper nitrate hemihydrate (11.5 mg, 49.5 µmol) in 
DMF : water mixture (1:1, v:v) (2 ml), concentrated hydrochloric acid (1 drop) was added. The 
solution was placed in a sealed glass vial and heated slowly to 85 °C at a heating rate of 5 °C per 
hour. The temperature was held at 85 °C for 48 hours before was cooled to room temperature slowly 
at cooling rate of 2.5 °C per hour to produce a green needle crystals suitable for X-ray diffraction. 
The green solid product was collected by centrifuging the mixture for 5 minutes at 4000 rpm, the 
solid was then washed several times with methanol then with acetone after which was dried under 
high vacuum to give (5.3 mg, 42.03 % yield). Elemental analysis calculated for 
[Cu2(C32H26O12)(H2O)2] C = 50.26, H = 3.96%; found C = 49.96, H = 3.64 %. Molecular weight for 
[Cu2(C32H26O12)(H2O)2] is 764.023.   
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4.0 Chapter Four - Chiral Metal-Organic Frameworks  
4.1 Introduction  
Significant attention has been given to the use of self-assembly in both organic and metal-organic 
materials resulting in structures that display potentially useful properties such as modifying the 
reactivity of substrates and small molecule binding. While there has been significant development in 
the design and formation of larger supramolecular and metallo-supramolecular systems with 
predictable architectures, the controlled formation of materials with useful properties and functions 
continues to represent a substantial practical and intellectual challenge. A better understanding of the 
underlying factors that affect molecular recognition are required if these materials are to find 
applications, for example in the binding and delivery of drug molecules or the catalysis of reactions 
with the specificity and efficiency often displayed by biological materials1-4. The incorporation of 
metals in supramolecular structures (yielding metallo-supramolecular assemblies) has, in many 
instances, enhanced both the form and function of the resulting architectures5. Refining the organic 
and metallic components of the systems will lead to tailor the size, shape and properties of the metallo-
supramolecular architectures produced6-7. As concluded in Chapter One and well established in the 
literature, the ideal approach to prepare such materials is by the incorporation of resolved stereogenic 
centres into the ligands after which reacting these ligands with suitable metal ions to produce 
homochiral coordination polymers. Following this goal, a wide range of chiral ligands with different 
functional groups have been synthesised in Chapter Two. To complement the design and the synthesis 
aspects of chiral metal-organic frameworks, the synthesised chiral ligands reacted with metal ions 
that led to variety of chiral architectures which will be discussed in this chapter.   
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4.2 The concept  
Initially, this chapter aims to apply molecular engineering principles to design and synthesise chiral 
metallo-supramolecular materials capable of selectively binding and separating small chiral guest 
molecules. The target materials to be prepared are discrete capsules and cages for binding substrates 
in solution and metal-organic frameworks for chiral discrimination in the solid state. This, bridges 
the conceptually related fields, of metallo-supramolecular chemistry and metal-organic framework 
synthesis with the overarching aim of combining the molecular recognition properties of discrete 
metallo-supramolecular systems with the physical properties often displayed by metal-organic 
frameworks including the separation and of racemic mixtures.  
 
Chirality introduced into the target systems by preparing organic components containing resolved 
stereogenic centres such as amino acids. In addition to the introduction of chirality, unsaturated metal 
centres functional groups including bipyridine and carboxylic acids was also incorporated (see 
Chapter Two). Then reacted these organic components with suitable octahedral transition metal ions 
such as ZnII and CoII to yield the target chiral self-assembled metallo-supramolecular architectures 
that encapsulate both central cavities and the desired guest binding functionality.  
4.3 Synthetic considerations  
As discussed earlier, the design and synthesis of metal-organic frameworks has generally focused on 
preparing systems that exhibit maximum porosity as the target substrates have generally been 
expected to bind to surfaces within the structures through weak van der Waals interactions rather than 
through targeted specific stronger supramolecular interactions8-11. This 'maximum porosity' strategy, 
while providing some benefits, such as promiscuous binding behaviour towards a wide variety of 
substrates12can, however, create a number of features that are undesirable for the separation of 
enantiomers which is the aim of the present project. The most significant of these is that large size 
and lack of tailored functionality in the binding pockets results in poor chiral discrimination 
properties, even when a chiral organic component is used13. The second problem, which is commonly 
encountered, is the tendency of nature to minimise void volumes, resulting in interpenetration and a 
lack of porosity14. It is proposed that these limitations be overcome by using an alternate controlled 
binding site strategy. By tailoring the functionality of the organic components to that proposed for 
the chiral coordination polymers proposed in Chapter Two, rather than creating maximum void 
spaces, the size, shape and binding specificity of the binding pockets will be controlled. This 
principally explored by placing chiral moieties within the void spaces that accounts for the porosity 
of metal-organic frameworks, thus providing sites specific enough to allow chiral discrimination 
while also avoiding the problems associated with interpenetration. By varying the organic groups 
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employed in a systematic manner a balance between porosity (that is, some level of porosity will be 
required to allow guest diffusion through the framework) and substrate selectivity could be achieved.  
Accordingly, in addition to positioning the stereogenic centres on the ends of the ligands, they also 
incorporated in the central position of the ligand with the ligating groups located on the ends in some 
systems. Improving the void space of the targeted metal-organic frameworks by using spacer ligands 
combined with the chiral ligands also investigated. A wide range of strategies employed for the 
incorporation of the chiral organic components produced (generally involve the combination of ligand 
or ligand and spacer in some systems with a transition metal salt in the appropriate ratio) into the final 
MOFs (which often depend on the chemical and physical properties of each particular ligand) ranging 
from solvothermal methods to classical coordination chemist1y have been used. Variation of the 
metal ions in a systematic method also allow for the pore dimensions and complexity of the resulting 
MOFs to be modulated. The choice of metal ions (which follow the coordination preferences, kinetic 
ability and oxidation states of the metal ions chosen) plays a significant role in dictating the 
morphology of the resulting network structure. Accordingly, numerous metal salts used in 
combination with each organic component to form a diverse array of MOFs and allow for the 
investigation of structure/function relationships.  
 
Due to the solubility issues of the discrete metallo-supramolecular assemblies produced, X-ray 
diffraction is the main characterisation technique used. Thus, the discussion will be focused on the 
systems where the crystal structure was obtained.   
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4.4 The Synthesis and X-ray studies of the coordination polymers derived from intermediate 
ligands  
As mentioned earlier to facilitate the preparation of the chiral coordination polymers, while allowing 
for systematic variation of the organic components, the 2,5-dibromo-terepthalic acid has been used 
as core unit. The two carboxylic acid groups were then linked to a series of different amino acids 
methyl esters as stereogenic centre, these stereogenic groups have the potential to act as substrate 
recognition sites. Thus, after the hydrolysis of the intermediate compounds (discussed in Chapter 
Two), series of chiral ligands produced ligands (H2-6, H2-8, H2-10, H4-13). Reacting these ligands 
with and without a spacer ligand has been carried out under different conditions including 
solvothermal and diffusion methods (Figure 4-1). The choice of the metal ions play a crucial role in 
coordination chemistry, this concepts was also investigated by applying different metal ion including 
zinc(II) and cobalt(II) ions. As expected the d10 metal centre with larger sphere increased the number 
of coordinated ligands which results in higher dimensional networks that the d7 metal ions.  
 
Figure 4-1: Scheme illustrating the coordination reaction of di-amino acid dibromo benzene with 
the metal salt. 
4.4.1 Synthesis and X-ray structure of QUF-10 [Zn(8)(H2O)2]n·(H2O)2  
 
Reacting ligand H2-8 with Zn (OAc)2·2H2O in 1:1 ratio by diffusing methanol into an aqueous 
solution of ligand H2-8 and zinc acetate in a sealed system was carried out at room temperature. After 
three weeks colourless crystals suitable for X-ray diffraction were grown. The product was purified 
by washing the solid with water and methanol to remove the unreacted starting materials to give 0.53 
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g (45.6% yield). The elemental analysis confirmed that the metal to ligand ratio is 1:1 where the guest 
water molecules were perhaps removed during the purification steps where the product was washed 
several times with methanol then with acetone after which was placed under high vacuum overnight. 
An X-ray analysis was carried out for the product and the crystal structure of [Zn(8)(H2O)2]n·2H2O 
shows that the product is a one-dimensional chiral coordination polymer. It crystallises in the 
orthorhombic space group P21212 and the chiral ligand bridges two octahedral metal centres
15. Each 
metal is bound to two bidentate carboxylate groups and two cis-water ligands (Figure 4-2 A) and the 
adjacent zinc(II) centres are separated by 15.78 Å (Figure 4-2 B).  
 
Figure 4-2: A is the coordination node [Zn(COO)2(H2O)2] for the chiral coordination polymer 
QUF-10. B is the representation of the crystal structure of QUF-10 illustrates the formation of one-
dimensional chain (hydrogen atoms omitted from the ligand only for clarity 
Each of the one-dimensional chains connect to each other through hydrogen bonds between the N-H 
amide and the coordinated carboxylate oxygen atoms (N(2)‧‧‧O(3) 2.9 Å, 149.4°). The coordinated 
water molecules also form a hydrogen bonds either with the coordinated oxygen from the carboxylate 
group on the other ligand terminal (O(7)‧‧‧O(5) distance 2.7 Å, angle is 154.0°) and (O(8)‧‧‧O(2) 
distance 2.7 Å, angle is 173.0°) or with the guest ware molecules (O(7)‧‧‧O(10) distance is 2.7 Å, 
angle is 163.0°) and (O(8)‧‧‧O(9) distance 2.6 Å, angle 165°). The isobutyl groups are arranged in a 
zigzag fashion that preventing the chains from sitting over each other, instead they form a grid-like 
hydrogen two-dimensional network (Figure 4-3). As a consequence, channels form between the 
chains which are in the right size to accommodate water guest molecules. These water molecules 
interact with the amide oxygens through hydrogen bonds (O(9)‧‧‧O(1) distance is 2.9 Å, angle is 
160.0°.  
A B 
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Figure 4-3: The crystal packing of QUF-10. A illustrate the position of isobutyl groups. B is a space 
filling view showing the grid like networks where the green represent one chain and the blue is the 
twisted chain while the water molecules siting between these chains. Hydrogen atoms were deleted 
from the ligands only for clarity.  
4.4.2 Synthesis and X-ray structure of QUF-11 [Zn12(8)9(18)6(µ3-OH)6]n·(CH3OH)4(H2O)15  
Employing ligand 18 as “pillar”16-26 or spacer, is expected to turn the product from one-dimensional 
coordination polymers QUF-10 to three-dimensional metal organic framework QUF-11. Using the 
spacer not only expand the connectivity of the structure by concerting the one-dimensional structure 
to three-dimensional architecture but also increased the void space from none porous coordination 
polymer to a highly porous network. Therefore, the chiral ligand H2-8 combined with ligand 18 as 
spacer were reacted with zinc acetate in water, methanol was then diffused to the reaction mixture in 
a sealed vessel at room temperature. Letting the mixture standing for four weeks produced colourless 
crystals suitable for X-ray diffraction.  
 
The crystal structure reveals that the product is chiral three-dimensional metal-organic framework. It 
crystallises in the chiral triclinic P1 space group. In this structure the coordinating node 
[Zn4(COO)6(N)4(µ3-OH)2] is constructed from four Zn
II ions, two of them located at the edges of the 
node and they adopt five coordinate square based pyramidal geometry while the other two central 
ZnII have six-coordinate geometry. The square pyramidal zinc(II) centres are bridged by carboxylate 
A 
B 
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groups (from the chiral ligand 8) and one µ3 hydroxide. The coordination sphere of each metal is 
completed by pyridyl nitrogen from bridging 18 ligands (Figure 4-4).  
 
Figure 4-4: Representation of the crystal structure of the coordination polymer QUF-11 illustrating 
the coordinating node [Zn4(COO)6(N)4(µ3-OH)2]. 
The asymmetric unit contains three coordination nodes (as described above) with twelve zinc(II) in 
total and bridged by nine units of ligand 8 and 6 units of ligand 18. The asymmetric unit also include 
four methanol and fifteen water guest molecules resulting in the general formula [Zn12(8)9(18)6(µ3-
OH)6]n·(CH3OH)4(H2O)15 (Figure 4-5). Some of the isobutyl groups were rotationally disordered 
which they modelled across two positions linked with the required occupancies and restrains. The 
bromine atoms were also modelled across three positions and the occupancies were set as required.  
 
Figure 4-5: The asymmetric unit of the crystal structure of QUF-11 (hydrogen atoms and solvent 
molecules were deleted for clarity). 
Each of the 8 ligands bridge two different zinc(II) nodes forming a two-dimensional lattice while the 
18 ligands act as pillars between these sheets to extend the structure to three-dimensional network. 
The cavities within the framework accommodate uncoordinated solvent molecules (water and 
Square based 
pyramidal Zn(II) 
Octahedral Zn(II) 
N-pyridyl  
µ3 hydroxyl Chiral carboxylate 
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methanol) which are involved in a complex series of hydrogen bonds. It is worth noting that the 
isobutyl groups of the amino acids (the isobutyl groups) are pointing toward the pores of the structure 
in which conceptually would be ideal candidate for chiral separation investigations (Figure 4-6).  
 
Figure 4-6: The crystal packing of QUF-11 from two different views (hydrogen atoms and solvent 
molecules were removed for clarity). 
The topology of the network is a 6-c net primitive cubic (pcu) topology and the point symbol of the 
net is {412.63}, this topology can be illustrated in the below figure (Figure 4-7).  
 
Figure 4-7: Diagram illustrate the new topology of the three-dimensional network QUF-11.  
The MOF has a calculated solvent accessible volume of 3287.51 Å3 which represents 32.5% of the 
unit cell (Figure 4-8).  
A 
B 
Isobutyl groups 
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Figure 4-8: Solvent accessible void space of the chiral network QUF-11. 
4.4.3 Synthesis and X-ray structure of QUF-12 [Zn(8)(18)0.5]n·(CH3OH)3(H2O)4  
Reacting the same components of QUF-11, ligand H2-8, ligand 18 and zinc acetate under a 
solvothermal condition from methanol at 65 °C produced different chiral metal-organic frameworks 
QUF-12. The reaction conditions play a significant role in metal-organic frameworks synthesis27-29. 
Therefore, as expected using a solvothermal condition instead of solvent diffusion produced different 
MOF. The solid state X-diffraction experiment was carried out on the produced colourless crystals 
and the crystal structure shows that the product is three-dimensional chiral metal organic framework. 
QUF-12 crystallises in the monoclinic C2 space group and the asymmetric unit with the formula 
[Zn(8)(18)0.5]n·(CH3OH)3(H2O)4 consist of one full ligand 8 and half unit of ligand 18 coordinated to 
one ZnII and uncoordinated solvent molecules, three methanol and four water molecules. The ligands 
coordinate to ZnII atoms through dimeric paddlewheel type motif with Zn−Zn distance of 2.9 Å and 
each ZnII atom adopt a distorted square based pyramidal geometry. The two ZnII centres bridge by 
four bridging carboxylate groups with an average distance of Zn−O distance of 2.0 Å, while the 
pyridyl groups coordinate to the ZnII centres axially with bond length of 2.0 Å to forme the node with 
the formula of [Zn2(COO)4N2] (Figure 4-9).  
 
Figure 4-9: The paddlewheel node [Zn2(COO)4N2] of the network QUF-12.  
Each paddlewheel motif bridged to six other motifs, the bis-bridging chiral ligand 8 link four distinct 
ZnII centres while two of the axially coordinate bipyridine ligands 18 link the node with two other 
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metal centres to give raise three-dimensional metal-organic frameworks with the primitive cubic 
(pcu) topology (Figure 4-10). 
 
Figure 4-10: Representation of the crystal structure of the network QUF-12 showing the 
connectivity of one paddlewheel through the ligands (hydrogen atoms and solvent molecules were 
omitted for clarity).  
The 3D architecture forms an interconnected network cavity which accommodates solvent molecules. 
The total contact surface of cavity after removing the uncoordinated solvent molecules, calculated 
(1136.64 Å3) which is about 27.2 % of the unit cell. Interestingly, the large cavity is arranged with 
the isobutyl fragments of the amino acids (isobutyl groups) pointing towards the centre of the cavity, 
this making the network is a good candidate for chiral separation especially for small molecules that 
could be fitted in the available empty spaces (Figure 4-11). 
 
Figure 4-11: The crystal packing of the chiral metal-organic frameworks QUF-12 from two distinct 
views A and B (hydrogen atoms and solvent molecules were deleted for clarity). 
A 
B 
Isobutyl group 
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The crystal structure also reveals hydrogen bonds between the water guest molecule (O(8)‧‧‧O(7) with 
distance of 2.6 Å and angle of 141.2°) and between water molecules and the nitrogen from the amid 
bond (N(3)‧‧‧O(8) distance is 2.8 Å, angle is 158.5°). In addition to hydrogen bonds between methanol 
and the amid bond hydrogen (O(6)‧‧‧O(00L) distance is 1.7 Å , angle is 169.9°) and also between 
methanol and amid nitrogen (O(00L)‧‧‧N(1) distance is 2.8 Å, angle is 165.5°).  
After the synthesis reaction of QUF-12, the solid was collected by means of centrifuge then the 
collected solid was washed several times with water then methanol followed by several wash with 
acetone before was dried under high vacuum to give 1.2 g, 41.4 % yield. During this process the 
network lost the methanol solvent molecules, this was confirmed by the micro analysis where the 
percentages of carbon, hydrogen and nitrogen matches the formula 
[Zn(C20H24Br2N2O6)(C18H16N2)0.5]·(H2O)4.  
4.4.4 Synthesis and X-ray structure of QUF-13 [Co(8)(18)(H2O)2]n·(CH3OH)2  
The coordination polymer QUF-13 was prepared in two different methods, the first method included 
a methanol diffusion to a suspension of ligand H2-8, ligand 18 and cobalt acetate tetrahydrate in water. 
While in the second preparation method, a solution of the ligand H2-8 and ligand 18 in acetone – 
water (1:1) mixture was layer over a solution of cobalt acetate in water. Both method were carried 
out in a sealed system at room temperature and they both produced pink needle crystals suitable for 
X-ray diffraction. The pink solid was collected by centrifuging the resulting suspension then was 
washed with water, methanol then with acetone after which acetone was removed and the product 
was dried under high vacuum to give 0.85 g (49.13 % yield). The solid state crystal structure was 
obtained by cold mounting the crystal and perform synchrotron X-ray experiment, the crystal 
structure reveals the product crystallises in the chiral triclinic P1 space group. The metal centre CoII 
adopt octahedral geometry, it coordinates to two monodentate carboxylate and the Co-O bonds length 
are 2.091 Å and 2.056 Å. The cobalt(II) also coordinates to two pyridyl groups where the distance of 
Co-N is 2.139 Å and two water ligands with bond length of 2.143 Å to construct the network node 
with the general formula of [Co(COO)2(N)2(H2O)2] (Figure 4-12).  
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Figure 4-12: The coordination node [Co(COO)2(N)2(H2O)2] of the chiral framework QUF-13 
The asymmetric unit consists of one cobalt(II) atom coordinated to unit of ligand 8, one unit of ligand 
18 and two water molecules in addition to two uncoordinated methanol molecules. The CoII centres 
bridge by bridging ligand 8 along one dimension while the bipyridine link the metal centres to 
construct a two-dimensional chiral network and the topology of this materials is (sql) square lattice 
(Figure 4-13).  
 
Figure 4-13: Representation of the crystal structure of the metal-organic framework QUF-13 
(hydrogen atoms were removed from the ligands only and solvent molecules were omitted for 
clarity).  
The two-dimensional sheets are separated by a small volume which accommodates methanol solvent 
molecules. The cavity volume was calculated to be 101.73 Å3, 9.4 % of the unit cell. Interestingly, 
the isobutyl fragments pointing toward the centre of the cavity which helping to shape the chiral pores 
of the networks (Figure 4-14). This elects the network to be tested for the chiral separation application 
in this study or in future studies.  
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Figure 4-14: The crystal packing of the network QUF-13 (hydrogen atoms and solvent molecules 
were removed for clarity) 
The two-dimensional sheets link to each other and to the methanol gust molecules through a series of 
hydrogen bonds. The methanol guest molecule link to the networks through four hydrogen bonds, the 
first and the second with the amide nitrogen from both sides (O(m)‧‧‧N(6) distance is 2.8 Å, angle is 
170.2°) and (O(7)‧‧‧N(1) distance is 2.8 Å, angle is 164.4°). Methanol guest also form hydrogen bonds 
with the uncoordinated oxygen of the monodentate carboxylate groups from both ligand sides, 
(O(d)‧‧‧O(6) distance is 2.7 Å, angle is 161.6°), and (O(b)‧‧‧O(7) distance is 2.7 Å and angle is 159.8°). 
The other three hydrogen bonds link the 2D sheets together to extend it to hydrogen bonding 3D 
architecture. The first bond between the coordinated water and the uncoordinated oxygen of the 
monodentate carboxylate groups from both sides (O(4)‧‧‧O(d) and O(2)‧‧‧O(c) distances are 2.7 Å and 
2.6 Å, angles are 143.3 ° and 142.1°). Even though reacting ligand H2-8 and ligand 18 under the same 
condition (by diffusing methanol to an aqueous solution of the reactants), two-dimensional network 
QUF-13 was obtained instead of three-dimensional metal-organic frameworks QUF-11 when d7 
transition metal was used instead of d10 transition metal. Changing the metal centre did not only affect 
the geometry of the network but also change the entire produced coordination polymer including the 
shape and size of the void space. For example, zinc(II) produced metal-organic frameworks QUF-11 
encapsulate 32.5% of the unit cell void space (3287.51Å3), while cobalt(II) produce networks QUF-
13 where the void space forms only 9.4 % of the unit cell (101.73 Å3) where both networks were 
prepared under the same conditions. This finding, is an ideal example when the metal ions plays a 
significant role in the coordination polymer synthesis.   
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4.5 The Synthesis and X-ray studies of the coordination polymers derived from approach A 
ligands 
Two different functional groups, benzoate and isophthalate, were incorporated into the intermediate 
chiral ligand di-leucine methyl ester di-bromo benzene to produce the chiral ligands di-leucine methyl 
ester di-tertiary-butyl benzoate benzene 30 and di-leucine methyl ester di-tertiary-butyl isophthalate 
benzene 42 By the selective hydrolysis of the tertiary butyl and methyl esters four different chiral 
ligands H2-31, H4-32, H4-43 and H6-44 were prepared (Figure 4-15).  
 
Figure 4-15: The chemical structure of the chiral ligands derived from di-leucine methyl ester di-
tertiary-butyl benzoate benzene and di-leucine methyl ester di-tertiary-butyl isophthalate benzene. 
Introducing benzoate and isophthalate as functional groups in para positions while keeping the 
stereogenic centre in the middle of the ligand not only introduces additional metal binding sites but 
also increases the length of ligand body. Synthesising these ligands introduce a better approach to 
investigate the factors that help to tailor functional chiral coordination polymer with specific 
properties that suits specific applications. This include, studying the effect of the length of ligand 
body30, the position of stereogenic centre31, the additional binding sites and the position of binding 
sites. 
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4.5.1 Synthesis and X-ray structure of QUF-14 [Zn2(32)(H2O)2]n·2H2O  
The chiral ligand 1,4-di-L-leucine 2,5-dibenzoate H4-32 was mixed with zinc nitrate in water, to this 
mixture a small volume of DMF was added to catalyse the reaction by deprotonating the carboxylic 
acid groups and also forming a competitive ligand as a result of the decomposition. The mixture was 
then sealed in Teflon vessel and heated slowly to 120 °C, the temperature was held for three days 
before it was cooled down slowly to room temperature to produce colourless hexagonal crystals 
suitable for X-ray diffraction. The crystal structure of this crystal shows the product is two-
dimensional coordination polymer QUF-14 which crystallises in triclinic P1 space group. The 
asymmetric unit consists of a full unit of ligand 32, two ZnII, two coordinated water ligands and two 
uncoordinated guest molecules. The coordination node [Zn2(COO)4(H2O)2] consists of two Zn
II 
centres that bridge by two bridging carboxylate from the axial benzoate. Each ZnII adopt tetrahedral 
geometry, it coordinates to two monodentate amino acid carboxylate and to one oxygen from the 
bridging axial benzoate in addition to one water molecule (Figure 4-16).  
 
Figure 4-16: The coordination node [Zn2(COO)4(H2O)2] of the QUF-14 network.  
Even though the crystal was cold mounted and small fragment of the crystal was used using the 
synchrotron X-ray source was used to collect the crystal structure date, the structure show some 
rotational disorder especially the isobutyl groups. They were modelled across two positions with the 
appropriate occupancies and the structure was refined anisotropically apart from the disordered atoms 
they refined isotropically. The coordination metal centres link to each other vertically through the 
coordination of the benzoate carboxylate and horizontally through the coordination of the L-leucine 
carboxylate to construct the two-dimensional tetragonal plane network (Figure 4-17) and the topology 
of this network is square lattice (sql).  
Benzoate carboxylate  
L-leucine carboxylate  
Coordinated water  
Zn(II) 
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Figure 4-17: Representation of the crystal structure of the coordination polymer QUF-14 
(hydrogen atoms and solvent molecules were omitted for clarity)  
The ligand coordinates to the metal centres through four carboxylate groups in grid like shape (Figure 
4-18 A). Two of the connection sites are located in an axial position (from the benzoate functional 
groups) and the other two located at the middle of the ligand (from the L-leucine carboxylate). As a 
result of such coordination, the constructed two-dimensional network form cavity which 
accommodate water molecules. The pore size was calculated after removing the guest molecules to 
be 20.44 Å3 about 2.3% of the unit cell. The isobutyl groups pointing toward the pore size and each 
opposite isobutyl fragments almost dividing the void space window into a half (Figure 4-18 B) and 
perhaps this lead to form a relatively small void space. Again, there is significant hydrogen bonding 
between ligands and solvent molecules.  
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Figure 4-18: The crystal packing of the chiral network QUF-14. A is showing the grid like view of 
the network. B is showing the void space divided by the isobutyl groups. Hydrogen atoms and 
solvent molecules were deleted for clarity.   
A 
B 
Isobutyl 
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4.6 The Synthesis and X-ray studies of the coordination polymers derived from 5,5´-di-amino 
acids 2,2´-bipyridine  
A series of chiral ligands were prepared by incorporating amino acids methyl ester to the functional 
core 5,5´-dicarboxylate 2,2´-bipyridine through a peptide coupling reactions. After hydrolysing the 
methyl esters of the amino acids the enantiopure chiral ligands H2-55, H2-57, H4-59 (Figure 4-19) 
were obtained. By using the 2,2´-bipyridine as ligand core an additional functional group were 
introduce to the middle of the ligand and by coordinating this ligand to metal ions lead to chiral 
coordination polymer. Comparing the resulting network with those constructed from the intermediate 
ligands (Figure 4-1) or functional group containing ligands (Figure 4-15) will show the effect of the 
functional groups on the chiral coordination polymers. Investigating the effect of the functional group 
position also will be discussed by comparing the coordination polymers constructed from ligand 
containing functional groups in an axial position with the network that prepared form central position 
functional group ligands (Figure 4-19).  
 
Figure 4-19: The chemical structure of the chiral ligands 5,5´-di-L-alanine 2,2´-bipyridine H2-55, 
5,5´-di-L-leucine 2,2´-bipyridine H2-57 and 5,5´-di-L-glutamic acid 2,2´-bipyridine H4-59.  
4.6.1 The synthesis and X-ray structure of QUF-15 [Zn2(57)2]n·3H2O  
The chiral ligand H2-57 was reacted with a metal salt under high temperature to construct chiral 
coordination polymer. Ligand H2-57 was mixed with zinc acetate dihydrate in water and N,N-
dimethylformamide mixture in a sealed Teflon vessel after which the temperature was elevated slowly 
to 140 °C. The temperature was maintained at 140 °C for 72 hours, hexagonal crystals suitable for X-
ray diffraction were formed upon cooling the mixture slowly to room temperature. The crystal 
structure of the product shows it crystallises in the chiral hexagonal P65 space group and the 
asymmetric unit contain two molecule of the complex and three water molecules where the ligand 57 
coordinate to the ZnII through the bipyridine and the two carboxylate groups with general formula 
[Zn2(57)2]·3H2O (Figure 4-20).  
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Figure 4-20: The asymmetric unit of the network QUF-15 [Zn2(57)2]·(hydrogen atoms and solvent 
molecules were deleted for clarity).  
The metal centres ZnII adopt five coordinate square pyramidal geometry by coordinating to two 
nitrogen from the bipyridine group and two leucine carboxylate groups, one as monodentate 
carboxylate and the second bidentate carboxylate to form the coordination node [Zn(COO)2bipy] 
where bipy is the 2,2´-bipyridine group (Figure 4-21).  
 
Figure 4-21: The coordination node [Zn(COO)2bipy] of the network QUF-15 
The structure forms a three-dimensional two-fold interpenetrated network. Due to the existence of 
two lattices with right size and geometry, each of these networks expands to an independent three-
dimensional networks that connect to each other in a quartz (qtz) topology (Figure 4-22), these 
networks interlock together to form the interpenetrated networks. Even though predicting the 
tendency of a ligand to form interpenetrating metal-organic framework still challenging, there are 
some reports about preventing the interpenetration in the constructed networks32-33. Many attempts 
have been carried out to prevent the interpenetration by reducing the temperature, changing the 
concentrations, using a competitive ligand or changing the solvent system however a amorphous 
powder was the produced after each attempt34. Interpenetration can influence the properties of the 
resulting coordination polymers including the network topology and porosity size and shape. As a 
consequence these changes will affect the networks application such as storage and separation 
applications35-41.  
Bipyridine nitrogens 
Bidentate carboxylate 
Monodente carboxylate 
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Figure 4-22: The crystal packing of the network QUF-15 showing only one net from the 
interpenetrated network (hydrogen atoms, solvent molecules and the other net were deleted for 
clarity.  
The QUF-15 contains a cavity between the networks chains which accommodate water molecules. 
The volume of the void space calculated 1829.02 Å3 (18.8 %) of the unit cell. The interpenetrated 
networks link to each other through hydrogen bonds, the amide nitrogen from one network form 
hydrogen bond with the uncoordinated oxygen from the monodentate carboxylate of the other 
network (N(3)‧‧‧O(1) distance is 2.8 Å and angle is 173.2°). The water molecules also link to the 
network through hydrogen bonds with the amide carbonyl (O(15)‧‧‧O(10) distance is 2.6 Å and angle 
is 90.3°) in addition to another hydrogen bond between the water molecules (O(15)‧‧‧O(11) distance 
is 2.7 Å and angle is 96.0°). Looking to only one net of the interpenetrated networks, the pores are 
distributed regularly across the net and the isobutyl groups are shaping that cavity by pointing towards 
the centre of cavity of the coordination polymer (Figure 4-23).  
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Figure 4-23: Representation of the crystal structure of only one net of the interpenetrated networks 
QUF-15 (hydrogen atoms, solvent molecules and the second net were omitted for clarity).   
Isobutyl groups 
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4.7 The Synthesis and X-ray studies of the coordination polymers derived from 4,4´-di-amino 
acids biphenyl  
The amino acids methyl esters, L-leucine methyl ester and L-glutamate dimethyl esters were 
incorporated to the 4,4-dicarboxylic biphenyl to prepare the protected ligands 62, 65 and 66. The 
hydrolysis of methyl esters produces the chiral ligands 4,4´-di-L-leucine biphenyl H2-63, 4-L-
glutamic acid-4´-carboxylic biphenyl H3-67 and 4,4´-di-L-glutamic acid biphenyl H4-68 (Figure 
4-24). Coordination these ligands to metal ions to prepare chiral coordination polymers and 
comparing these networks with those prepared earlier from functional containing chiral cores will 
rise the bases to investigate the effects of the additional functional concept on the constructed 
coordination polymers.  
 
Figure 4-24: The structure of the chiral ligands derived from 4,4´-di-amino acids biphenyl. 
4.7.1 The synthesis and X-ray structure of QUF-16 [Zn6(63)4(H2O)3(OH)4]n·CH3OH  
The chiral ligand 4,4´-di-L-leucine biphenyl H2-63 was reacted with zinc nitrate in DMF containing 
methanol, the mixture was heated slowly to 70 ºC for 72 hours, single crystals suitable for X-ray 
diffraction were obtained upon cooling the reaction mixture to room temperature at cooling rate of 2 
°C per hour. The crude product was collected by centrifuging the suspension and wash the solid for 
several times with fresh DMF, methanol then with acetone after which was dried under high vacuum 
to give 8 mg (62.26 % yield). The crystal structure reveals that the product crystallises in the chiral 
monoclinic P21 space group and the unit cell contains six Zn
II metal centres, four units of ligand 63, 
three water ligands, three µ3 hydroxyl ligands and methanol solvent molecule. The structure forms 
two-dimensional coordination polymer, where the metal centres connect to each other through 
bridging carboxylate from the chiral carboxylate and µ3 hydroxyl groups to form an infinite one-
dimensional chain of the metal clusters. These metal chains link to each other through the chiral 
ligand 63, the distance between the metal chains is 18.27 Å, to give rise two-dimensional coordination 
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polymer. The coordination node consists of six ZnII, two of them (ZnII 1 and ZnII 5) adopt tetrahedral 
geometry with four coordinate and two of the six (ZnII 3 and ZnII 4) adopt square pyramidal geometry 
with five coordinate while the other two adopt octahedral geometry with six coordinate (ZnII 2 and 
ZnII 6). The first tetrahedral ZnII 1 centre coordinates to one µ2 hydroxyl to link it with Zn
II 5, one µ4 
hydroxyl that bridge the metal centre with ZnII 6 and ZnII 4 in addition to a coordination to two 
bridging carboxylate that bridge ZnII 1 to two other metal centres (ZnII 6 and ZnII 4), while the second 
tetrahedral ZnII 5 coordinates to two µ2 hydroxyl to link it with Zn
II 3 and ZnII 1, ZnII 5 also coordinate 
to one monodentate carboxylate and one bridging carboxylate that bridge this metal centre with ZnII 
6. The first square pyramidal ZnII 3 coordinates to one µ2 hydroxyl ligand that link Zn
II 3 to ZnII 5, 
one µ3 hydroxyl ligand that link the metal centre Zn
II 3 to ZnII 4 and ZnII, furthermore the ZnII 3 
coordinate to one non-bridging bidentate carboxylate and one bridging carboxylate to bridge the metal 
centre to ZnII 2. On the other hand the, the second square pyramidal ZnII 4 coordinates to two µ3 
hydroxyl ligands which they link the metal centre ZnII 4 with ZnII 2 and 3, the ZnII 4 also coordinates 
to µ4 hydroxyl ligand to form a coordination bonds with Zn
II 1 and 6, in addition to the ZnII 4 
coordinate to two bridging carboxylate which they link the metal centre to ZnII 2 and 6. The 
coordination of the octahedral ZnII 2 and 6 can be described as each metal centre coordinates to one 
water ligand, one oxygen ligand from the amide carbonyl and to three bridging carboxylate to bridge 
ZnII 2 with ZnII 1, 3 and 4 as well as bridging ZnII 6 with ZnII 1, 4 and 5. Furthermore, the octahedral 
ZnII 2 coordinate to µ3 hydroxyl ligand that form a coordination bridging bonds with Zn
II 3 and 4 
while the other octahedral ZnII 6 coordinates to µ4 hydroxyl ligand to bridge this metal centre with 
ZnII 1 and 4 (Figure 4-25).  
 
Figure 4-25: The coordination node of the chiral network QUF-16 
Zn5 
Zn6 
Zn3 
Zn2 
Zn4 
Zn1 
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These coordination nodes are bridging to each other to form one-dimensional chains, these chains are 
linked to each other through the chiral ligands 63 to give rise two-dimensional networks (Figure 
4-26). Despite small fragment of the crystal was used through employing synchrotron X-ray source 
to collect the crystal structure and the crystal was cold mounted, the data is less than ideal. The crystal 
structure has some rotational disorder especially for the isobutyl groups and some phenyl rings which 
they were modelled across two positions with the appropriate occupancy. The structure was refined 
isotopically especially for the rotational disordered positions.  
 
Figure 4-26: Representation of the crystal structure of QUF-16 illustrate the connection between 
the metal chains and the chiral ligand 63 (hydrogen atoms and solvent molecules were deleted for 
clarity).  
Looking to the crystal packing, the metal chains bridge to each other to form two-dimensional 
network and the isobutyl group from the L-leucine point toward the other sheet preventing the sheets 
from stacking over each other and generating void space between the sheets. The void space, 281.31 
Å3, 5.1% of the unit cell accommodates methanol solvent molecules (Figure 4-27) and a significant 
number of hydrogen bonds are present.  
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Figure 4-27: The crystal packing of the chiral network QUF-16 (hydrogen atoms and solvent 
molecules were omitted for clarity). 
4.8 Employing the other chiral ligands to prepare coordination polymer  
As discussed in Chapter Two a variety of chiral ligands with different functional groups have been 
synthesised by following different synthetic planes. These chiral ligands were reacted with different 
metal ions including ZnII, CoII, CuII, CdII, ZrIV, NaI, FeII, CuI and MgII. Despite considerable effort to 
crystallise the products of these reactions by using different coordination conditions, the products 
formed amorphous powder, microcrystalline product or gel, this making the characterisation of such 
insoluble product challenging. For example, the intermediate chiral ligand H2-6, H2-8, H2-10 and H4-
13 (Figure 4-1) were reacted with many metal salts by either adopting reported procedures or trying 
modified conditions. Even though when a spacer was mixing with the ligand, producing single crystal 
products were unsuccessful42-46. The benzoate and isophthalate functionalised chiral ligands H2-31, 
H4-32, H4-43 and H6-44 (Figure 4-15) were reacted with a wide range of metal salts following 
different procedure, however they reactions in most cases produced unsolvable products27-29, 31, 47-67. 
Similarly, the 2,2́-bipyridine based chiral ligands H2-55, H2-57 and H4-59 (Figure 4-19)were also 
produced insoluble products as either powder or gel even when the same condition that been used to 
crystallise QUF-15 or similar coordination polymers were used68-76. The same results were also 
obtained when the enantiopure ligands H2-63, H3-67 and H4-68 (Figure 4-24) were reacted with the 
metal salts. It is worth noting that when the L-glutamate based ligands H4-13, H4-59 and H4-68 were 
reacted with some metal ions especially ZnII they produced gel and that gel were stable at higher 
temperature up to 120 °C30, 32, 77-82.   
Isobutyl groups 
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4.9 Conclusions  
A series of chiral coordination polymers have been synthesised and characterised by X-ray 
diffraction. Even though the synthesised ligands were used to prepare chiral coordination polymers, 
only some of these reactions produced single crystals. Amino acids have been incorporated to 
different ligand cores not only to introduce the chirality to the ligand but also add coordination sites 
to the ligands. When the chiral intermediate ligands including H2-8 were used a one-dimensional 
coordination polymer QUF-10 was prepared. While, introducing “pillar” or spacer ligand such as 18 
alongside with H2-8 produced highly porous three-dimensional networks QUF-11 and QUF-12. This 
validate the concept of increasing the porosity of the coordination polymers through the usage of 
spacer ligands. Changing the coordination conditions from methanol – water diffusion at room 
temperature to a solvothermal reaction in methanol produced less porous coordination polymer QUF-
12 instead of the highly porous coordination polymer QUF-11 which they both prepared from the 
same components H2-8, 18 and zinc acetate. This finding confirm the critical role of both solvent and 
temperature on the geometry and porosity of the prepared coordination polymers. Beside the 
coordination conditions, the metal ion also influenced the constructed coordination polymer. For 
example, reacting both the chiral ligand H2-8 and the spacer ligand 18 with cobalt acetate produced 
two-dimensional chiral coordination polymer QUF-13 instead of three-dimensional networks QUF-
11 and QUF-12 when ZnII used. Despite two different conditions have been used, both preparation 
methods produced the same network QUF-6.  
 
The work in this Chapter also confirm the importance of the ligand length to produce more porous 
materials. This was demonstrated by comparing the one-dimensional coordination polymer QUF-10 
which was prepared from one phenyl based ligand H2-8 with the two-dimensional network QUF-16 
which constructed from two-phenyl based ligand H2-63.  
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4.10 Experimental  
4.10.1 General  
All solvents and reagents were obtained from commercial sources and they used without further 
purifications unless otherwise stated. The used dry solvents were dried by passing the solvents 
through an Innovative Technology PureSolv solvent purification system then stored under nitrogen. 
Elemental microanalyses were measured by the SCMB Microanalytical Service, University of 
Queensland. The yield percentages of the frameworks were calculated based on the formula extracted 
from the crystal structure. 
4.10.2 Crystallography  
Single crystals for X-ray diffraction were mounted under ambient conditions after been coated in 
Paratone N oil. The data were collected by using one of two main sources. The first, by using an 
Oxford Diffraction Gemini II ULTRA diffractometer operating at graphite-monochromated Mo Kα 
or Cu Kα wavelength generated from a sealed tube. Data was collected at 190 K. then indexed, 
integrated and reduced within the CrysAlisPro software package. The remainder of the data were 
collected at the Australian synchrotron by using MX1 and MX2 beamline operating at 0.71078 Å 
wavelength at a temperature of 100 K83. The data were indexed, integrated and reduced using XDS84 
absorption corrections (where necessary) were applied using SADABS. Processed data was solved 
using SHELXS-201485 or SHELXT86 within the WinGX87 or Olex288 graphical interfaces. Solutions 
were refined via a full-matrix least-squares refinement against F2 using SHELXL-201485. The 
hydrogen atoms were placed on appropriate atoms and refined using a riding model. Refinement data 
are listed in the appendix tables. 
4.10.3 Synthesis and crystallisation of QUF-10 [Zn(8)(H2O)2]n·(H2O)2  
Ligand H2-8 (1 g, 1.82 mmol) was suspended in a solution of zinc acetate dihydrate (0.4 g, 1.82 
mmol). To this solution methanol was diffused at room temperature in a sealed system. Colourless 
crystals suitable for X-ray diffraction was formed after three weeks. The product was filtered and 
washed with water 3 x 50 mL then with methanol 3 x 50 mL, then the solvet was exchanged with 
acetone by washing the product with acetone for several times after which was dried under high 
vacuum to give 45.6 % yield, 0.53 g. Elemental analysis calculated for [Zn(C20H24Br2N2O6)(H2O)2] 
C = 37.15, H = 4.37, N = 4.34%. Found C = 36.85, H = 3.97, N = 4.05%. Molecular weight calculated 
for [Zn(C20H24Br2N2O6)(H2O)2] is 645.95.  
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4.10.4 Synthesis and crystallisation of QUF-11 [Zn12(8)9(18)6(µ3OH)6]n·(CH3OH)4(H2O)15  
To a solution of Zn(CH3COO)2·2H2O (1.2 g, 5.5 mmol) in 250 mL water, H2-8 (1 g, 1.82 mmol) and 
18 (0.47 g, 1.82 mmol) was suspended. To this solution, methanol was diffused in a sealed system at 
room temperature and left for one month. Colourless crystal suitable for X-ray diffraction was 
produced. The product was collected by mean of centrifuging the solution at 4000 RPM for 10 
minutes and washed three times with water then with methanol for three times before the solvent was 
exchanged with acetone by washing the product several times with acetone and left to stand in acetone 
for 48 hours before it was placed under high vacuum for dryness (0.9 g, 39.1 % yield). Elemental 
analysis calculated for [Zn12(C20H24Br2N2O6)9(C18H16N2)6(µ3OH)6(H2O)14] is C = 45.50, H = 4.59, 
N = 5.53 %; found C = 45.49, H = 4.14, N = 5.33 %. Molecular weight for 
[Zn12(C20H24Br2N2O6)9(C18H16N2)6(µ3OH)6(H2O)14] is 7596.10.  
4.10.5 Synthesis and X-ray structure of QUF-12 [Zn(8)(18)0.5]n·(CH3OH)3(H2O)4 
A solution of H2-8 (1 g,1.82 mmol), 18 (0.47 g,1.82 mmol) and zinc acetate dihydrate (1.2 g, 5.5 
mmol) in methanol was placed in a sealed glass vessel. The solution was then heated to 65 °C at a 
rate of 2 °C h-1, the temperature kept at 60 °C for 24 hours before was cooled slowly to room 
temperature at a rate of 2 °C h-1. The colourless pate-shape crystals suitable for X-ray diffraction was 
obtained. The crystals were collected by mean of centrifuge at 4000 RPM for 10 minutes then washed 
several times with water and methanol before the solvent was exchanged with acetone by washing 
the sample several times with acetone and left for 48 hours after which was dried under high vacuum 
to give ( 1.2 g, yield 41.4 %). Elemental analysis calculated for 
[Zn(C20H24Br2N2O6)(C18H16N2)0.5]·(H2O)4 is C = 42.86, H = 4.96, N = 5.17%; found C = 42.77, H = 
5.01, N = 5.34%; Molecular weight calculated for [Zn(C20H24Br2N2O6)(C18H16N2)0.5]·(H2O)4 is 
8.12.04. 
4.10.6 Synthesis and crystallisation of QUF-13 [Co(8)(18)(H2O)2]n·(CH3OH)2  
This coordination polymer synthesised in two different procedures:  
First, in a sealed system and at room temperature methanol was diffused into a suspension of H2-8 (1 
g, 1.82 mmol), 18 (0.47 g, 1.82 mmol) and cobalt acetate tetrahydrate (1.4 g, 5.5 mmol). After one 
month pink needle crystals suitable for X-ray diffraction was obtained. The product was collected by 
centrifuging the solution at 4000 RPM for 10 minutes after which the clear solvent layer was removed 
and then the solid was washed several times with water then with methanol. The methanol then 
replaced by acetone and washed several timed and left to stand in acetone for 48 hours before it was 
dried under high vacuum to produce (0.85 g, 49.13 % yield) of the product. Elemental analysis 
calculated for [Co(C20H24Br2N2O6)(C18H16N2) (H2O)2]·(CH3OH) (H2O) is C = 49.21, H = 5.30, N = 
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5.89 %; found C = 49.08, H = 5.12, N = 5.65 %; Molecular weight calculated 
[Co(C20H24Br2N2O6)(C18H16N2) (H2O)2]·(CH3OH) (H2O)·is 951.12 
In the second method, a solution of H2-8 (10 mg, 18.2 µmol), 18 (4.7 mg, 18.2 µmol), in acetone 1 
mL and methanol 1 mL was layered over a solution of cobalt acetate tetrahydrate (13.7 mg, 55 µmol) 
water. After six weeks pink needle crystal suitable for X-ray diffraction was obtained.  
4.10.7 Synthesis and crystallisation of QUF-14 [Zn2(32)(H2O)2]n·2H2O  
A solution of H4-32 (0.32 g, 0.51 mmol) and zinc nitrate hexahydrate (0.5 g, 1.53 mmol) in water 25 
mL and DMF 1 mL was placed in a sealed Teflon vessel. The mixture was then heated to 120 °C at 
a rate of 4 °C h-1, the temperature kept at 120 °C for 72 hours before was cooled down to room 
temperature at a rate of 4 °C h-1. Hexagonal colourless crystals suitable for X-ray diffraction were 
obtained. The product was collected by centrifuging the solution at 4000 RPM for 10 minutes then 
washed for three times with DMF then with water then with methanol. After which the solvent was 
exchanged with acetone by washing the solid product several times with acetone and left to stand at 
room temperature in acetone for 48 hours before it was dried under high vacuum (0.32 g, 69.6 % 
yield). Elemental analysis calculated for [Zn2(C34H32N2O10)(H2O)2]·(C3H6O)2 is C =52.85, H = 5.33, 
N = 3.08%; found C = 52.84, H = 5.41, N = 3.48 %; Molecular weight calculated for 
[Zn2(C34H32N2O10)(H2O)2]·(C3H6O)2 is 908.17 
4.10.8 Synthesis and crystallisation of QUF-15 [Zn2(57)2]n·3H2O  
The ligand H2-57 (0.5 g, 1.06 mmol) was suspended in a solution of zinc acetate dihydrate (0.72 g, 
3.3 mmol) in water : DMF mixture (100 mL : 1 mL). The mixture was placed in a sealed Teflon bomb 
and heated slowly to 140 °C at heating rate of 5 °C h-1, the temperature was held at 140 °C for 72 
hours. After cooling down the mixture to room temperature at a cooling rate of 5 °C h-1 hexagonal 
crystals suitable for X-ray diffraction was produced. The product was collected by centrifuging the 
mixture at 4000 RPM for 5 minutes, the solid product was washed with DMF then with water then 
with methanol. The methanol then was replaced with acetone and washed sevral times with acetone 
and left to sit in acetone for 48 hours before drying the product under high vacuum (0.25 g, 42.4 % 
yield). Elemental analysis calculated for [Zn2(C24H28N4O6)2]·(H2O)3 is C =51.51, H = 5.59, N = 
10.02%; found C = 51.41, H = 5.74, N = 9.82 %. Molecular weight calculated for 
[Zn2(C24H28N4O6)2]·(H2O)3 is 1118.29.  
4.10.9 Synthesis and crystallisation of QUF-16 [Zn6(63)4(H2O)3(OH)4]n·CH3OH  
Ligand H2-63 (10 mg, 21.4 µg) was dissolved in minimal amount of methanol and was added to a 
solution of zinc nitrate hexahydrate (19.1 mg, 64.1 µg) in DMF (2 mL), the solution was placed in a 
sealed glass vial. After which the solution was heated slowly to 70 C (during 24 hours to reach this 
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point), the temperature was held at this temperature for 72 hours before it was allowed to cool down 
to room temperature during 24 hours to produce single crystal suitable for X-ray diffraction. The solid 
product was collected by centrifuging the mixture at 4000 RPM for 5 minutes, the solid product was 
washed several times with water then with methanol. The Methanol was then replaced with acetone 
and let the product stand in acetone for 48 hours before it was dried under high vacuum to produce 
(0.8 g, 62.26 % yield) of product. Elemental analysis calculated for 
[Zn6(C26H30N2O6)4(H2O)3(OH)4]·(CH3OH) is C = 52.88, H = 5.50, N = 4.70 %. Found C = 52.58, H 
= 5.06, N = 4.95 %. Molecular weight calculated for [Zn6(C26H30N2O6)4(H2O)3(OH)4]·(CH3OH) is 
2402.49.   
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5.0 Chapter Five - Metallo-supramolecular polyhedra  
5.1 General considerations:† 
Many of the most complex and remarkable functions performed by biological systems, including the 
highly specific catalytic transformations achieved by enzymes, the transcription and transfer of 
genetic information within the ribosome and the storage and transport of molecules around the body, 
rely on the encapsulation of one molecule (or molecules) within another. The guest molecule can be 
completely or partially surrounded by the host; the encapsulated molecule is contained within a 
volume of space that is chemically and physically distinct from the conditions outside. The isolation 
of the guest from the bulk environment can produce substantially different behaviour to that otherwise 
observed in solution, leading to new modes of reaction of the trapped guests, producing unusual and 
potentially useful outcomes. Changes in the chemical behaviour of the encapsulated molecules often 
arise from the presence of a more restricted set of interactions between the guest and the host or a 
small number of other guest molecules compared to the random collisions with other molecules that 
normally occur in bulk solution. Metallo-supramolecular capsules and cages are only a small subset 
of the types of artificial materials that act as functional host molecules in this way (which are often 
collectively described as ‘‘container ’’ molecules or ‘‘molecular flasks’’). In other words, metallo-
supramolecular capsules and cages, as their names imply, enclose a well-defined space. This space 
can be accessed by smaller molecules (guests) and, therefore, the careful design of these capsules and 
cages can result in the creation of spaces of particular shape and size, with suitable interior surface 
functionality such that they can both display selectivity towards particular guests and catalyse 
reactions within them. This mode of functional binding and reactivity has often been compared to the 
way that enzymes function in biological systems. This, of course, results in an almost infinite number 
of potential applications for these materials, including separations, selective encapsulation and 
sequestration1. Although, there are a vast number of capsules and cages so far have prepared, the 
focus of this chapter will be on the chiral metallo-supramolecular polyhedra and of course any 
applications of these remarkable materials which related to the project aims and interests. As 
discussed earlier in Chapter One the metallo-supramolecular polyhedra similar to coordination 
polymers, the most straightforward approach to introduce the chirality is by using an enantiopure 
ligands. However, the chirality in supramolecular polyhedra most likely to be introduced as result of 
metal centre rotation or from the axial ligand twisting around the metal centre. Therefore, it is very 
                                                 
†
Part this section is based on the book chapter Brock, A. J.; Al-Fayaad, H.; Pfrunder, M. C.; Clegg, J. K., Chapter 10 
Functional Metallo-supramolecular Polyhedral Capsules and Cages. In Functional Supramolecular Materials: From 
Surfaces to MOFs, The Royal Society of Chemistry: 2017; pp 325-387. 
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common to see more than one stereogenic centres in one cage spatially for those prepared from an 
enantiopure ligands, the first centre forms from the metal centre configurations and the second 
chirality centre from the chiral ligand2.   
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5.2 Chiral cages from enantiopure ligands:  
Even though there are enormous number of chiral cages and capsules have been reported, there are 
only a limited number of them were synthesised from chiral ligands. For example, the first chiral 
tetrahedral M4L4 cage synthesised from enantiopure ligand reported in 2008 by Albrecht and co-
workers3. The chiral tricatecholate triangular ligand 69-H6 (Figure 5-1) was first deprotonated using 
an alkali metal, then the deprotonated ligand 69 reacted with TiOacac2 to prepare the tetrahedral cages 
[Ti4694]
8-. The resulting chiral cage has two sterogenic centres, the first is the ligand phenyl amide 
group and the second is the Λ configuration of the metal centre. Despite the crystal structure of the 
tetrahedron was mot reported, the stereochemistry of the metal centre was determined based on a 
previously reported complexes by Raymond4. Raymond in his complexes used catechol based ligand 
linked to (S)-phenylethylamide which coordinated to iron(III) and gallium(III), the metal centres in 
these complexes exhibit the Λ configuration in addition to the interaction between the amide proton 
and methane proton. Albrecht and co-workers also confirm the chirality of [Ti4694]
8- cage by the 
circular dichroism measurements as well as building a cage model.  
 
Figure 5-1:The chemical structure of the chiral tricatecholate triangular ligand 69-H6 
Another recent example of using chiral ligands based on pyridine-2,6-dicarboxamide as binding sites 
and the chirality was introduced to the ligands through the chiral moiety phenylamide5. Both S and R 
isomers of the ligands 70 and 71 (Figure 5-2) were coordinated to europium(III) to form [Eu4(70)6]
+ 
and [Eu4(71)4]
+.  
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Figure 5-2: The chemical structure of the chiral pyridine-2,6-dicarboxamide based ligands 70 and 
71.  
The prepared cages were characterised by H NMR and ESI-TOF-MS as well as to obtaining the 
crystal structure of one of the cages. The author noticed that the chirality transferred from the ligand 
to the resulting cage to give ether Λ or Δ and the chirality of the resulting cages were determined by 
circular dichroism and NMR. The crystal structure of the tetrahedral cage [Eu4(71)4](ClO4)12 shows 
that the all the metal centres have the same Λ stereochemistry and all the ligands have the same R 
handedness (Figure 5-3).  
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Figure 5-3: Representation of the crystal structure of the chiral tetrahedral cage [Eu4(71)4](ClO4)12 
(hydrogen atoms, solvent molecules and counter ions were omitted for clarity. The encapsulated 
quest is showing as space filling model.   
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5.3 The present study  
As discussed earlier, amino acids have been used to construct a vast number of coordination polymers 
by themselves or combined with other ligands (see Chapter One). Although, many chiral metallo-
supramolecular polyhedra have been reported1-3, 5-14, there are limited reports of the incorporation of 
amino acids into chiral cages or capsules. Therefore, the work in this chapter will focus on preparing 
chiral metallo-supramolecular polyhedra using an amino acid based ligands. It is well established in 
the literature, the bipyridine based ligands form a variety of polyhedral architectures. For example, a 
wide range of similar bis-bipyridine based ligands were reported by group of Lindoy to metallo-
supramolecular architectures with a variety of metal ions including FeII and NiII 
1, 15-16. Therefore, the 
2,2´ bipyridine functional group was selected for incorporation to the chiral amino acid based core1.  
 
Chapter Two, the preparation of the bis-bipyridine based chiral ligands 49 and H2-50 (Figure 5-4) 
was described. An amino acid, L-leucine, was incorporated to a functional core, then two groups of 
bipyridine as functional groups was coupled to that intermediate chiral core to form chiral bis-
bipyridine ligand.  
 
Figure 5-4: The chemical structure of the bis-bipyridine chiral ligands 49 and H2-50. 
Reacting ligand 49 with transition metal such as FeII was expected to form a variety of polyhedral 
structures including helicate M2L3, tetrahedral M4L6 cage or even a cube M8L12. In addition, reacting 
the deprotected ligand H2-50 with metal ion was expected to form chiral metal organic frameworks 
as well as forming a polyhedral cage.   
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5.4 The synthesis of the chiral bis-bipyridine ligands  
As described in Chapter Two, the bipyridine functional group was introduced to the chiral di L-
leucine core through a Suzuki coupling reaction between 5-bromo-2,2´-bipyridine (48) and the 
corresponding diboronic pinicol ester (47) catalysed by tertrakis triphenylphosphine palladium(0) 
yielding ligand 49 as off-white solid in H4-43 % yield after work up. 
 
The 1H NMR spectrum (Figure 5-5), can be fully assigned. Interestingly there is a notable shift 
observed in the central phenyl ring protons to 5.30 ppm from 7.75 ppm in the starting material 47.  
 
Figure 5-5: The 1H NMR spectra for the chiral ligand bis-bipyridine di-L-leucine methyl ester 
benzene 49.  
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The methyl esters of 49 could hydrolysed using sodium hydroxide to produce the deprotected ligand 
H2-50 as a white solid in 78 % yield.  
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5.5 Synthesis of [Fe2(49)3](PF6)4 and [Fe4(49)6](PF6)8  
In an initial experiment, the chiral ligand 49 was reacted with Fe(BF4)2·6H2O in a 6 : 4 ratio in 
acetonitrile in the microwave at 130 °C. The crude product was purified by anion metathesis with 
PF6
-. The 1H NMR of the resulting red solid shows very broad beaks in the aromatic region (Figure 
5-6).  
 
Figure 5-6: The 1H NMR of the FeII cage with PF6 counterion.  
This suggests either the formation of more than one product, or the formation of a lower symmetry 
product that tumbles slowly on the NMR timescale. TLC experiments were unable to afford 
separation under a variety of solvent mixture. A DOSY experiment showed three species larger than 
the acetonitrile solvent were present. As an alternative purification step, the crude product (with BF4
-
) was subject to column crystallography on silica gel. The first fraction was eluted using acetonitrile, 
water and a saturated aqueous solution of potassium nitrate (7 : 1 : 0.5). To collect the second fraction 
the mobile phase was switched to acetonitrile, water, methanol and a saturated aqueous solution of 
potassium hexafluorophosphate (7 : 1 : 1 : 1) while the third fraction did not move even when the 
polarity was increased and the counterions was changed. The collected bands were then precipitated 
by anion metathesis with PF6
- and the 1H NMR of both bands were consistently broad.  
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The high resolution mass spectrum, however, of both bands show some evidence of helicate 
formation, with peaks observed for each of the [Fe2(49)3]
4+, ([Fe2(49)3]
4+(PF6)
1-)+3 and 
([Fe2(49)3]
4+(PF6)2
1-)2+ ions (Figure 5-7).  
 
Figure 5-7: The calculated and measured high resolution mass spectrum of [Fe2(49)3]
4+, 
([Fe2(49)3]
4+(PF6)
1-)+3 and ([Fe2(49)3]
4+(PF6)2
1-)2+.  
5.5.1 Molecular Modelling of an [Fe2(49)3]4+ helicate  
Despite many attempts to crystallise these materials, only glass-like amorphous solids or fine powders 
were obtained. In order to confirm the possibility of forming the helicate molecular modelling was 
undertaken with Spartan ´14 and the result is shown in (Figure 5-8). The two metal centres exhibit 
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octahedral geometry and they bridge through three quaterpyridine ligands (49). The structure also 
reveals ligands twisting around the metal centre to form stereogenic centre in addition to the ligand 
chiral centre. Therefore, the stereochemistry of the metal centres either ΛΛ or ΔΔ. The leucine 
fragments of the ligands point away from the core and do not appear to create any particular steric 
problems that would interfere with helicate formation, suggesting that the formation of this species is 
reasonable. 
 
Figure 5-8: The structure model of the helicate [Fe2(49)3]
4+ generated by Spartan software 
package.  
5.5.2 Molecular modelling of an [Fe4(49)6]8+ tetrahedron  
The possibility of forming an [Fe4(49)6]
8+ tetrahedron was also explored using molecular modelling. 
The model shows four octahedral metal centres linked by six quaterpyridine ligands (49) (Figure 5-9). 
Similar to the helicate structure, the metal centres show either ΔΔΔΔ or ΛΛΛΛ stereochemistry and 
the overall chirality of the cage controlled by the enantiopure chiral ligand 49. Interestingly, the 
calculations shows that one of the amino acids arms of the ligands (either the isobutyl or the methyl 
ester groups) point inside the cage cavity. Even when the calculation was repeated with the ligands 
arms outside the cage, it repeatedly rotates to fill the cavity. Notably, this decreases the cage 
symmetry to C1. Such a symmetry would render makes each proton in the cage magnetically non-
equivalent which might account for broad 1H NMR spectrum17.  
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Figure 5-9: The structure model of the tetrahedron [Fe4(49)6]
8+ generated by Spartan software 
package.   
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5.6 Conclusions  
This chapter has described preliminary investigation into the use of a chiral 2,2´-bipyridine ligand for 
forming chiral helicates and tetrahedral. Reacting of ligand 49 with iron(II) produced very broad 1H 
NMR spectra and high-resolution ESI-MS suggests the formation of an M2L3 helicate. Molecular 
modelling suggested that the formation of either an M2L3 helicate or M4L6 tetrahedron were feasible. 
The model of the tetrahedron also suggested part of the amino acids arm of the might rotate to be 
accommodated within the cage cavity reducing the overall symmetry of the assembley. Future studies 
should investigate locating the chiral groups on the exterior part of the ligand rather than the central 
core.   
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5.7 Experimental  
5.7.1 General  
Solvents and reagents were purchased from commercial sources and used without further 
purifications unless otherwise stated. The used dry solvents were dried by passing the solvents 
through an Innovative Technology PureSolv solvent purification system then stored under nitrogen. 
1H NMR spectra were measured on Bruker Avance 500 MHz high resolution spectrometers. The 
NMR spectra was analysed by using MestReNova software package where the chemical shifts are 
reported in ppm relative to the residual solvent peak. Complexation reaction was performed on CEM 
Discover SP Microwave Reactor. The high resolution mass spectrum were measured on Orbitrap 
Elite MS. Samples were prepared in a solution of DCM-methanol (50:50) at approximately 10 µM. 
Samples were infused at 3 µL per minute via a HESI source into an Orbitrap Elite mass spectrometer 
in positive mode. Data was acquired for 3 minutes across the m/z range of 150 – 2000. Source 
parameters included a heater temperature at 50°C; sheath gas flow 6; ISV at 3.5 kV and S-lens at 
60%, ion transfer tube temperature at 320°C. FTMS parameters included resolution range 60-240K 
(resolution was adjusted as required); spectral averaging across 8 microscans with a maximum ion 
injection time of 200 ms. 
5.7.2 Synthesis of [Fe2(49)3](PF6)4 and [Fe4(49)6](PF6)8  
A solution of 49 (40 mg, 54.9 µmol) and FeII(BF4)2·6H2O (12.36 mg, 36.6 µmol) in acetonitrile (4 
mL) was placed in a sealed pressurised microwave 10 mL vessel with a magnetic bar. The microwave 
was preprogramed with the following setting: pre-stirring 30 second, temperature 130 C, microwave 
absorbance medium 200 W, heating ramp 2 minutes, holding the target temperature at 130 C for 30 
minutes, pressure less than 5 bar. The crude product was purified by column chromatography on 
silica, the first red band was eluted using acetonitrile, water and saturated aqueous solution of KNO3 
(7 : 1 : 0.5) and the second red fraction was eluted by acetonitrile, water, methanol and saturated 
aqueous solution of KPF6 (7 : 1 : 1 : 1). A red solid was then collected from both fraction by 
concentrating the solution in rotary evaporator and precipitated with excess of aqueous solution of 
KPF6.   
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6.0 Chapter six - Metal-Organic Frameworks Applications 
6.1 General consideration  
As discussed in Chapter One, metal-organic frameworks (MOFs) have been emerged as a hybrid 
crystalline porous solids which have the merits of both inorganic and organic construction units. They 
possess unique properties including porosity, robustness, thermal stability and high surface area 
which makes them surmount the limitations that other porous materials could not1-4. Therefore, a 
hefty library of MOFs have been reported for versatile applications including separations and gas 
storage5-11.  
For example, MOFs have shown the ability to capture one gas from a mixture of gasses (Figure 6-1)12. 
MOFs have been proposed for applications including capturing some toxic gasses10, greenhouse 
gasses or removing environmental pollutants13-15. Guest binding within a MOF, depends on the 
binding affinity, surface area and MOF’s structure16-17. Strengthening the interactions between the 
adsorbed guest and the adsorbent MOFs can enhance the selective encapsulation of a particular 
molecule. For example, functionalising an adsorbent MOFs with polar groups such as amine can 
enhance the interaction with the polar guest molecules such as CO2. The dipole moment in carbon 
dioxide provides stronger physisorption with MOFs containing amine group through the lone pair 
and hydrogen bonds interaction which can enrich the selective adsorption18-20. Enhancing a MOF’s 
surface area could also improve the adsorption process16, 20.  
 
Figure 6-1: Scheme illustration of gas separation using metal-organic frameworks. 
The MOF also have the potential be used in other (non-gas) separation applications including 
enantiomeric separations21. The chiral separation process involves employing MOFs in either 
adsorption or a membrane separation1. The percentage of enantiomeric excess (ee %) can be 
determined as a function of absolute optical rotation, circular dichroism or chiral GC/MS22-35. The 
separation performance highly dependents on both the network and the materials to be separated 
structures. For example, Rosseinsky and co-workers27 followed by Kim and co-workers36 have 
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confirmed the dependence of the enantioselective process on both size and shape of the network as 
well as the separated materials.  
6.2 Methodology  
In order to assess the ability of the synthesised chiral metal-organic frameworks to separate 
enantiomers, preliminary chiral separation studies were undertaken. The three dimensional networks 
(QUF-11, QUF-12, QUF-15 and QUF-8) were selected for this study22. Prior to the chiral separation 
studies, the permanent porosity of the selected networks was established through both nitrogen and 
carbon dioxide isotherm experiments. The measured BET surface areas from the isotherm 
experiments were compared with surface areas calculated from the crystal structure using Materials 
Studio software package. The bulk phase purity and the crystallinity upon the desolvation were 
confirmed by PXRD before and after the isotherm. Following activation through solvent exchange 
the thermal stability of these prepared networks was determined by the thermogravimetric analysis 
(TGA).  
The chiral separation studies were performed using two different methods: crystallography and 
chromatography. Crystals of a prepared metal organic frameworks were immersed in a solution of 
chosen amino acid for a period of time, followed by recollecting the crystal structure. This confirms 
the ability of the chiral network to accommodate the chiral guest amino acid in its cavity. The second 
chiral separation investigation was carried out by using the prepared chiral network as a stationary 
phase in column chromatography and the efficiency of the separation was monitored by chiral GC-
MS.  
6.3 Thermogravimetric analysis (TGA)  
Performing isotherm adsorption experiment required activating the samples by evacuating any 
solvent residues from the MOFs pores. This process often required solvent exchange and heating the 
sample to a certain temperature (based on the solvents boiling points) under high vacuum. Due to the 
uncertainty of the materials thermal stability, a thermogravimetric analysis (TGA) experiments were 
performed. 
The TGA of QUF-11 (Figure 6-2) shows a slight mass loss of 2% by 119 °C which corresponds to 
the loss of water guest molecules. The mass was then maintained up to 226 °C, above which 
decomposition was observed.  
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Figure 6-2: The thermogravimetric analysis (TGA) of the 3D network QUF-11.  
QUF-12 appears to be much more thermally stable (Figure 6-3). Again a minor weight loss (2 % by 
100 °C) is attributed to the loss of solvent molecules and the resulting material is stable to 350 °C 
before gradually losing weight about this temperature.  
 
Figure 6-3: The thermogravimetric analysis (TGA) of the 3D network QUF-12. 
TGA of QUF-15 (Figure 6-4) shows a mass loss of 18 % up to 250 C which attributed to the 
desolvation of the water and DMF solvent molecules. The mass of the network was maintained up to 
300 °C before a gradual mass loss up higher temperature.  
-180
-80
20
120
220
320
420
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600 700 800 900 1000
M
ic
ro
v
o
lt
 (
µ
V
)
W
ei
g
h
t 
(%
)
Temperature (°C
-100
-50
0
50
100
150
200
250
300
350
0
10
20
30
40
50
60
70
80
90
100
0 100 200 300 400 500 600 700 800 900 1000
M
ic
ro
v
o
lt
 (
µ
V
)
W
ei
g
h
t 
(%
)
Temperature (°C)
257 
 
 
Figure 6-4: The thermogravimetric analysis (TGA) of the 3D network QUF-15.  
The TGA graph of the network QUF-8 (Figure 6-5) shows a weight loss of 6 % up to 130 °C 
corresponds to solvent molecules removal. The network maintains the mass up to 360 °C before it 
decomposed rapidly in two steps companioned with accelerated exothermic step.  
 
Figure 6-5: The thermogravimetric analysis (TGA) of the 3D network QUF-8. 
The TGA results show that the selected networks exhibit a good thermal stability. Most of these 
networks QUF-12, QUF-15 and QUF-8 were maintained their mass after the desolvation within the 
range 300 – 360 °C while the network QUF-11 showed a thermal stability up to 226 °C. All of the 
networks adopted a minor weight lost below 130 °C which corresponds to the desolvation. These 
outcomes are very useful for setting up the activation before the adsorption isotherm.  
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6.4 Gas adsorption isotherm studies  
Due to the potential importance of MOFs’ porosity and high surface area in many applications, 
adsorption isotherm measurements have been used to determine these properties in many examples 
of these materials20, 37-52. Physical adsorption isotherm (physisorption) refers to the adherence of gas 
molecules to the surface of solid materials at less than the gas vapour pressure. In general, isotherm 
experiment conducted at a constant temperature near or above the adsorbed gas boiling point. The 
gas pressure is then increased step by step and held for a period of time for each step to let the 
adsorbate molecules to be adsorbed and the adsorbent temperature to re-stabilise. The isotherm then 
presented as a plot between the amount of the adsorbed gas versus the adsorptive pressure. The 
pressure usually represented as a ratio between the adsorptive pressure (P) and the saturated vapour 
pressure (Po). Thus, the surface area can be calculated by determining the amount of adsorbate that 
forms a mono layer. This measured surface area often expressed by Brunaver, Emmett and Teller 
(BET) equation53. Based on the IUPAC definition of the isotherm adsorption there are six types of 
isotherm (I-VI) (Figure 6-6)53 according to the classification developed by DeBoer, codified by 
Brunauer et al54 and supplemented by Gregg and Sing53.  
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Figure 6-6: The six types of gas adsorption isotherm. 
These isotherm types are widely used in the literature and normally each type has an interpretation 
related to the characteristics of the measured material (Table 6-1)53.   
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Table 6-1: The possible interpretation of the isotherm types.  
Isotherm Type  Interpretation 
I Either physisorption on a material that has miccropores or chemisorption 
isotherm in case of the disappearance of upswing at high pressure.  
II The material either not porous or has macroporous with high energy of 
adsorption.  
III The material either not porous or has macroporous with low energy of adsorption. 
IV The material has mesoporous with high energy of adsorption. The hysteresis 
attributes to the mesoporosity.  
V The material has mesoporous with low energy of adsorption. The hysteresis 
attributes to the mesoporosity. 
VI There are several interpretation for this type, more likely the material has mutable 
pore sizes. If the temperature is lower than the triple point, the adsorbate is a solid 
forming a structured layer. If the steps happened at low pressure, it can be 
attributes to two or more distinct adsorption energy and it can be due to sharp 
steps on the adsorbate surface.  
 
In some isotherm measurements, the adsorption isotherm is different from the desorption isotherm 
this called hysteresis. IUPAC committee classified the hysteresis loops into four types H1-H4 (Figure 
6-7) and there is a characteristic interpretation for each of these types (Table 6-2).  
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Figure 6-7: The four types of hysteresis H1-H4 according to IUPAC classification. 
Table 6-2: The interpretation of the hysteresis types. 
Hysteresis type  Interpretation  
H1 The pores are even and regular without interconnecting channels.  
H2 The pores have narrow and wide sections with possible interconnecting channels.  
H3 The pores are slit-like which adsorbent-adsorbate pair which would yield a type 
II isotherm without pores.  
H4 Pores are slit-like for type I isotherm which adsorbent-adsorbate pair 
 
The IUPAC committee classified the porous materials based of the pores diameters. Microporous 
materials have pores below 2 nm, mesoporous materials have pores between 2 and 10 nm in diameter 
and the macroporous have pores diameters larger than 10 nm.  
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The interpretation of the isotherm adsorption requires the measurement or estimation of some 
parameters including:  
 The surface area.  
 The energy strength of the forces between the adsorbate and adsorbent.  
 Some porosity measurements such as pore radius.  
 The pore radius distribution.  
 The adsorption energies distribution.  
One of the most important factors that affects the accuracy of the measured values is the formation 
of the gas monolayer which depends on the pore type. For example, the microporous materials have 
very small pores which do not cause any deviation from linearity in the standard plot. While the 
mesopores cause a deviation in the intermediate to the end of the plot, this due to pore filling (capillary 
filling). The capillary filling in the macropores is at very high pressure that is not observed 
practically53.  
 
Most reported MOFs show microporosity following the expected trend type I and II isotherm where 
the absorbed gas molecules form a monolayer. However, MOFs still can exhibit a flexible isotherm 
especially those with larger cavities. For example, MOFs MIL-53 displays type III isotherm under 
low pressure and type I isotherm under higher pressure13. In order to obtain perspective on the surface 
area and porosity, the synthesised 3D networks QUF-11, QUF-12, QUF-15 and QUF-8 were 
characterised by both nitrogen and carbon dioxide adsorption isotherm.  
6.4.1 The adsorption isotherm of QUF-11  
Both the adsorption and desorption isotherm of this material QUF-11 show Type III isotherm 
behaviour (Figure 6-8). The network is impervious to N2 at 77.35 K. and it adsorbed only 16 cm
3/g 
of N2 at 1 P/Po relative pressure. The obtained Brunauer-Emmett-Teller (BET) surface area of 1.16 
± 0.15 m2/g from N2 adsorption isotherm is significantly lower than the geometric surface area of 
1193.03 m2/g calculated from the crystal structure. This perhaps attributes to collapse of the network 
upon desolvation with the structure undergoing a rearrangement process to form a non-porous 
material. This also agrees with the PXRD data as the unit cell changed upon the desolvation (Table 
6-3) which supports the collapse of the structure17. The small amount of gas adsorbed can be attributed 
to particle surfaces and interparticle voids.  
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Figure 6-8: The N2 adsorption and desorption isotherm of the chiral network QUF-11.  
The pore size distribution calculated from the DFT model from the N2 adsorption isotherm was 
omitted from the discussion due to the formation of multilayer of the gas molecules especially for 
meso/macroporous materials which cause inaccurate pores distribution53, 55-57.  
The carbon dioxide adsorption isotherm of the network QUF-11 (Figure 6-9) shows hysteresis 
behaviour13, 20, 58-60. The materials exhibits irreversible adsorption-desorption trend and the uptake 
occurs in two steps. Similar CO2 adsorption behaviour has been attributed to a structural flexibility
20. 
In the first uptake step up a Type I profile is observed which perhaps due to uptake saturation. In the 
second step, the structure perhaps opens up accommodating extra CO2 molecules. The BET surface 
area obtained from CO2 adsorption isotherm is 85.02 ± 1.62 m²/g 
18-19, 61.  
 
Figure 6-9: The carbon dioxide adsorption and desorption isotherm of the chiral network QUF-11.  
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6.4.2 The Adsorption isotherm of QUF-12  
The N2 adsorption isotherm experiment of the network QUF-12 was performed under the same 
conditions that described earlier for QUF-11 isotherm. Both N2 adsorption and desorption shows 
typical Type III trend (Figure 6-10).  
 
Figure 6-10: The nitrogen adsorption and desorption isotherm of the chiral network QUF-12.  
The determined BET surface area of 45.45 ± 0.58 m²/g is much less than what expected compaired 
to the geometrical surface area of 1209 m²/g which calculated from the crystal structure. This perhaps 
due to collapsing the structure after the desolvation and forming a rigid metal clusters which show 
some gas uptake. This consistently agrees with PXRD and TGA data. The QUF-11 losses it 
crystallinity upon removing the uncoordinated solvent molecules as a result of structural collapse. 
This forms thermally stable metal complex that maintained about 80% of the mass up to 1000 °C (). 
Similar to QUF-11, the pore size distribution deleted due to the mesoporosity/macroporosity nature 
of the QUF-12 network  
The carbon dioxide adsorption isotherm of QUF-12 shows less than ideal microporous Type I 
isotherm (Figure 6-11). The BET surface area of 28.10 ± 0.10 m²/g determined from CO2 adsorption 
isotherm is lower than the surface area generated from N2 isotherm. This perhaps support the network 
collapsing upon the desolvation and forming inorganic structure with less interaction with carbon 
dioxide.  
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Figure 6-11: The carbon dioxide adsorption and desorption of the chiral metal-organic frameworks 
QUF-12.  
6.4.3 The adsorption isotherm of QUF-15  
The nitrogen adsorption isotherm shows the material is microporous with type II isotherm trend (). A 
plateau is seen in the desorption trend at about 0.5 (P/Po) relative pressure which could be attributed 
to either structure flexibility20 or pores irregularity53. The BET surface area of 116.50 ± 3.40 m²/g 
obtained from N2 isotherm is significantly lower than the geometric area calculated from the crystal 
structure of 1157.3 m²/g. This is perhaps attributed to either structure damage or interpenetration. The 
PXRD data shows the material losses crystallinity upon desolvation which can support the structure 
damage proposal. This means the material might undergo a rearrangement step to form less porous 
structure which seems to be thermally stable (Figure 6-4)17. The other possible explanation of such 
lower surface area is caused by interpenetration. Interpenetration can decrease the pore size and the 
surface area however it may lead to improve the thermal stability of the network as a result of 
increasing the frameworks wall thickness16. This possible reason is in good agreement with the 
outcomes from both measurement adsorption isotherm and TGA.  
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Figure 6-12: The nitrogen adsorption and desorption isotherm of the chiral metal-organic 
framework QUF-15. 
Pore size distribution of QUF-15 (Figure 6-13) calculated from the DFT model from shows 
interesting results where both meso and macro pores can be seen in this network. However, the 
majority of these pores are distributed in the range of 14 to 27 Å.  
 
Figure 6-13: Graph illustrating porosity distribution calculated by BET N2 model for the chiral 
network QUF-15. 
To confirm that the lower surface area is not caused by the inappropriate activation, the sample was 
heated up further to 100 C for three hours under high vacuum followed by short five point N2 isotherm 
adsorption experiment. The result shows similar adsorption trend to the first measurement so the 
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activation temperature was increased further up to 110 C for another 24 hours under high vacuum 
before another short five point measurement was carried out. The sample exhibit similar isotherm 
adsorption behaviour to the firs measurement.  
The CO2 adsorption isotherm shows less than ideal microporous Type I profile general however, the 
desorption shows some deviation from the adsorption curve with irreversible behaviour (Figure 6-14). 
This perhaps attributes to some flexibility behaviour due to interpenetration. This phenomena along 
with the obtained BET surface area of 105.13 ± 0.63 m²/g fall in a constant agreement with the N2 
adsorption isotherm.  
 
Figure 6-14: The carbon dioxide adsorption and desorption isotherm of the chiral network QUF-
15.  
6.4.4 The adsorption isotherm of QUF-8  
The N2 adsorption isotherm (Figure 6-15) shows Type II isotherm and the calculated BET surface 
area is 35.37 ± 0.10 m²/g however the calculated geometric surface area is 662.36 m²/g. This 
difference the measured and the estimated surface area might be due to structure instability upon the 
desolvation. This proposal can be supported by the loss of crystallinity after removing the 
uncoordinated solvent molecules. The other possible cause would be the presence of some impurities 
such as metal oxides which are often not soluble in most organic solvents that makes purifying the 
network a challenging process.  
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Figure 6-15: The nitrogen adsorption and desorption isotherm of the achiral network QUF-8.  
The porosity distribution obtained from the DFT model (Figure 6-16) shows a limiting pore size range 
to 11 to 15 Å. This also agrees with the crystal structure which shows that QUF-8 forms cube-like 
networks with 15.01 Å window size which reflect the expected pore size of this network.  
 
Figure 6-16: Graph illustrating porosity distribution calculated by BET N2 model for the achiral 
network QUF-8. 
6.5 PXRD measurements  
Following samples activation by solvent exchange then desolvation, the powder X-ray diffraction 
experiments was carried out before and after the adsorption isotherm measurements.  
The refined PXRD data for the network QUF-11 (Figure 6-17) shows that network crystallinity was 
maintained upon desolvation. However, the refined unit cell of QUF-11 (Table 6-3) decreased from 
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23.9 Å to 16.2 Å along the b axis and from 26.1 Å to 11.9 Å along the c suggesting the network 
undergoes some rearrangement process upon desolvation17.  
 
Figure 6-17: The refined PXRD data of the network QUF-11.  
The refined PXRD data of the network QUF-11 after both nitrogen and carbon dioxide adsorption 
isotherm measurements (Figure 6-17) reveals unchanged unit cell in contrast with the desolvated 
networks (Table 6-3). This perhaps indicates the obtained structure from the rearrangement or 
collapsing of desolvated QUF-11 forms a stable crystalline structure.  
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Figure 6-18: The refined PXRD data of the network QUF-11 after the isotherm adsorption 
measurements.  
Table 6-3: The refined unit cells from the crystal structure and PXRD measurements before and 
after the adsorption isotherm of the network QUF-11.  
 Unit cell 
a (Å) b (Å) c (Å) α  β  γ  
Crystal structure 18.4 23.9 26.1 115.7 100.2 91.7 
PXRD of desolvated network 16.7 16.2 11.9 104.0 100.2 108.6 
PXRD after adsorption isotherm 16.4 16.0 11.7 104.1 100.2 108.5 
The refined PXRD data of the desolvated network QUF-8 (Figure 6-19) shows that the network 
maintain crystallinity even after the isotherm experiment (Figure 6-20). And the unit cells for both 
desolvated and after the isotherm shows a negligible changes compare to the unit cell from the crystal 
structure (Table 6-4).  
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Figure 6-19:The refined PXRD data of the network QUF-8.  
 
Figure 6-20: The refined PXRD data after the isotherm adsorption measurement of the network 
QUF-8.  
Table 6-4: The refined unit cells from the crystal structure and PXRD measurements before and 
after the adsorption isotherm of the network QUF-8. 
272 
 
 Unit cell 
a (Å) b (Å) c (Å) α  β  γ  
Crystal structure 9.5 9.9 12.4 83.9 89.5 77.7 
PXRD of desolvated network 10.5 9.5 11.6 82.3 93.4 80.3 
PXRD after adsorption isotherm 10.3 9.4 11.4 82.4 93.2 80.2 
On the other hand, the other networks QUF-12 and QUF-15 lost their crystallinity upon the de-
solvation  
6.6 Enantiomeric separation 
After confirming the permanent porosity of some selected networks by the adsorption isotherm, a 
preliminary chiral separation was conducted using one of the synthesised chiral metal-organic 
framework QUF-11. As discussed earlier, the size and the shape of the molecules to be separated are 
crucial point in enantiomeric separation27, 36. Examination on the crystal structure reveals that the 
cavity of QUF-11 is shaped by part of the leucine methyl ester from the ligands especially the isobutyl 
groups which point toward the void space (see Chapter Three). A racemic mixture of amino acids 
including leucine and alanine were selected to be separated on this network QUF-11. This selection 
was made because the shape of one isomer of the racemic mixture might be oriented in the right way 
to be passed through the QUF-11 windows unlike the isomers which would be blocked. The second 
reason is leucine and alanine are in the right size to be accommodated in the QUF-11 cavity. The 
chiral separation using the network QUF-11 was monitored by two different methods 
crystallographically and by chiral GC/MS.  
6.6.1 Enantiomeric uptake crystallography studies  
In this approach, single crystals of the chiral networks were soaked in a solution of L-leucine in 
methanol (0.2 M). The crystals were allowed to sit in this solution at room temperature for 24 hours. 
Then the crystal structure was collected using synchrotron X-ray source and the crystal structure 
shows the material crystallises in the triclinic space group P1, (the same space group for QUF-11 
before the separation experiment). The coordination of the QUF-11 network is still the same as 
described in Chapter Three. The QUF-11 encapsulates two L-leucine molecules (Figure 6-21).  
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Figure 6-21: Representation of the crystal structure of the chiral network QUF-11 encapsulating 
two L-leucine molecules (hydrogen atoms and other solvent molecules were removed for clarity).  
The outcome of this experiment confirms the ability of the network to encapsulate organic molecules, 
and the L-leucine has the precise size and shape to be accommodated in this network. To examine the 
chiral separation performance, single crystals of QUF-11 were soaked in racemic solutions of 
different amino acids including leucine, alanine, leucine methyl ester, alanine methyl ester and phenyl 
alanine in methanol or methanol : water (1 : 1) mixture (0.2 M), however these experiments were not 
successful as the crystals lost their singularity in these solutions.  
6.6.2 Enantiomeric separation by chiral chromatography  
After confirming the possibility of encapsulating L-leucine in the QUF-11 cavity, column 
chromatography was carried out using the QUF-11 as a stationary phase. The QUF-11 soaked in 
acetone was loaded to a glass column and left for two hours before the solvent was exchanged to 
methanol : water mixture (1 : 1). The racemic mixture DL-leucine (19.8 µmol, 2.6 mg) was dissolved 
in water : methanol (1 : 1) mixture (800 µL) then only 200 µL of this solution was loaded to the 
column to get a total of (4.96 µmol, 0.65mg) DL-leucine loaded. The sample was eluted using water 
and methanol (1 : 1) mixture and the fractions were collected in small portions.  
The efficiency of the column separation was evaluated by chiral GC/MS. Initially, GC/MS of the 
racemic mixture, L-leucine and D-leucine were measured to use them as a control in order to assign 
the enantiomers peaks. The peak of L-leucine appears at 4.44 min (Figure 6-22 A) after the D-leucine 
peak at around 4.25 min (Figure 6-22 B) and the racemic mixture spectrum shows both isomers at 
5.25 and 4.53 min (Figure 6-22 C)62. The GC/MS spectra of the first band eluted from the column 
shows a peak at 4.53 min which assigned as L-leucine peak compare to the racemic mixture control 
The encapsulated 
L-leucine  
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(Figure 6-22 A and D). This perhaps indicate the successful separation of the L-leucine from its 
racemic mixture. However, the rest of the fractions eluted from the same column shows a racemic 
mixture with both L-leucine and D-leucine peaks (Figure 6-22 E).  
 
Figure 6-22: The chiral GC/MS spectra of the DL-leucine, L-leucine and D-leucine before and after 
the column chromatography.  
Then to study the binding affinity between the network QUF-11 and the amino acids enantiomers, 
the QUF-11 (about 15 mg) was soaked into 2 equivalents solution of one of the following materials, 
L-leucine (1 mg), D-leucine (1 mg) and DL-leucine (1 mg) in water and methanol mixture (1 : 1). 
The network was left soaked at room temperature for 24 hours then each of the solutions was filtered 
after which the solvents were removed from the filtrates and subjected to chiral GC/MS.  
A 
B 
C 
D 
E 
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For the L-leucine solution, the chiral GC/MS show no peaks related to the amino acid which indicates 
that the L-leucine bound to the networks. Similar result was obtained from the D-leucine solution 
which also bound to the network. However the GC/MS spectrum of the DL-leucine solution shows a 
negligible changes in the peaks of both enantiomers compared to the control solution (Figure 6-23). 
To further examine the selective binding toward one isomers. The networks QUF-11 bounded to L-
leucine was soaked again in a solution of D-leucine (1 mg) in water and methanol mixture (1 : 1) and 
left for 24 hours at room temperature before was subject to chiral GC/MS. The result shows both 
peaks for L and D-leucine, this might confirm the unselective binding toward one isomers. However 
the column chromatography experiment showed a possible separation of L-leucine from its racemic 
mixture. This might due to the orientation of the L-leucine is more kinetically preferred to be passed 
faster than the D-leucine. In addition, we could infer that the QUF-11 cavity is larger than the leucine 
molecules which might results in the inability of QUF-11 to differentiate between the enantiomers.  
 
Figure 6-23: The chiral GC/MS spectra of the DL-leucine control and DL-leucine after soaking 
experiment.   
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6.7 Conclusion  
This chapter has described the evaluation of the thermal stability, bulk unity and porosity of a series 
of selected three-dimensional coordination polymers that synthesised earlier in this thesis through 
TGA, PXRD and both CO2 and N2 adsorption isotherm experiments. The results show that some 
materials are thermally stable while some of them are unstable upon desolvation with a possibility of 
rearrangements to form less porous materials. The TGA results showed that all the networks exhibit 
a minor weight loss below 130 °C which was attributed to desolvation process. This would suggest a 
further activation step might be needed especially the measured surface areas were less than what 
expected. Some of these networks have shown a better interaction with carbon dioxide during the 
adsorption isotherm measurements which was attributed to the presence of polar N‧‧‧H bonds and 
metal clusters. The PXRD results showed that the networks QUF-12 and QUF-15 lost their 
crystallinity upon the desolvation while the QUF-11 showed a smaller unit cell after the desolvation. 
The QUF-8 maintain its structure after removing the solvent quest molecules. The work was also 
includes a preliminary evaluation of using one of the synthesised network QUF-11 in enantiomeric 
separation application using both crystallographic tools and column chromatography. The crystal 
structure reveals that the network QUF-11 is able to encapsulate two L-leucine. In the other 
investigation by running column chromatography and the separation was evaluated using chiral 
GC/MS. The result indicates the ability of this network to separate L-leucine from its racemic mixture. 
A preliminary binding affinity assessment indicates that the network QUF-11 has a strong binding 
affinity to encapsulate L- and D-leucine over the solvent molecules even though, the networks QUF-
11 seems to have unselective binding towards one enantiomer. Larger guest size would improve the 
selective binding and enhance the enantiomeric separation.  
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6.8 Experimental 
6.8.1 General  
Gas adsorption isotherm, powder X-ray diffraction and thermogravimetric analysis were performed 
at the Centre for Advanced Nanomaterials, University of Adelaide by a collaboration with the Doonan 
/ Sumby group. The thermogravimetric analysis (TGA) was conducted under a constant flow of 
nitrogen at a temperature increase rate of 10 °C/min using PerkinElmer STA 600 thermal analyser 
with a ceramic pan. The gas adsorption isotherm measurements were carried out using a 3Flex 
physisorption analyser. UHP grade (99.999%) N2 and CO2 were used for all measurements. The 
temperature was maintained at 77.35 K. via a Helium cryostat for the N2 adsorption isotherm and 195 
K. for the CO2 adsorption isotherm. The geometric surface area was calculated from the crystal 
structure using Materials Studio V5.5 Accelrys Software Inc.  
All powder X-ray diffraction (PXRD) data were collected on a Bruker Advanced D8 diffractometer 
(capillary stage) using Cu K.α radiation (λ = 1.5418 Å, 50 kW/40mA) at 298 K. The PXRD data 
refined by using NTreor63-64, Dicvol65 and/or McMaille66 within Expo201463, 67. LeBail profile fitting 
was done with Jana200668. Visualization and pictures were done using WinPlotr (within FullProf 
Suite). All the samples were processed according the methods stated in the isotherm measurements. 
Single crystals for X-ray diffraction were mounted under ambient conditions after been coated in 
Paratone N oil. The data were collected by using MX1 beamline operating at 0.7108 Å wavelength 
at a temperature of 100 K.69. The data were indexed, integrated and reduced using XDS70 absorption 
corrections were applied using SADABS. Processed data was solved using SHELXT71 within Olex272 
graphical interfaces. Solutions were refined via a full-matrix least-squares refinement against F2 
using SHELXL-201473. The hydrogen atoms were placed on appropriate atoms and refined using a 
riding model. Refinement data are listed in the appendix tables. The chiral GC/MS was measured 
using Shimadzu chromatograph fitted with Chirasil-Val III column connected to a QP5000 mass 
spectrometer. The oven temperature was set according to the following programme: initial 
temperature 95 °C, heating ramp 3 °C/min up to 200 °C and held for 10 min62, 74.  
6.8.2 Isotherm samples activation  
The samples for gas adsorption measurements were activated by the following procedure. After 
scaling up the network (see Chapter Three and Four), the product was collected by centrifuging the 
suspension at 400 rpm and the solvent was decanted. The solid product was then washed several times 
with (fresh DMF only for QUF-15 and QUF-8), water then with methanol. The sample was activated 
by solvent exchange with acetone which was decanted followed by drying the sample under N2 stream 
after which it was placed under high vacuum. The dry sample of was loaded into the pre-weighted 
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3Flex instrument glass tube followed by further activation by heating up to 50 C for 24 hours before 
the nitrogen isotherm adsorption measurements was started.  
6.8.3 Chiral column chromatography  
The QUF-11 solvent was exchanged with acetone and left to sit for 24 hours. The stationary phase 
(QUF-11) about 12 mm high was loaded to a glass column 10 cm long and 0.5 cm internal diameter 
and left for two hours before the solvent was exchanged to methanol : water mixture (1 : 1). Then 
200 µL of racemic mixture DL-leucine (19.8 µmol, 2.6 mg) dissolved in water : methanol (1 : 1) 
mixture (800 µL) was loaded to the column and eluted using water : methanol (1 : 1) mixture and the 
fractions were collected in small portions. Each of the collected fractions was derivatised prior to 
chiral GC/MS measurements.  
6.8.4 Samples derivatisation  
All the samples were treated similarly, after evaporating the solvent using N2 stream, the sample was 
resuspended in methanol about 200 µL after which was derivatised using petafluoropropionic 
anhydride (PFPA) 150 µL. The PFPA was added dropwise to a vigorously stirred suspension of the 
sample in methanol, the resulting solution was left to stirrer at room temperature for an hour. The 
solvent was then removed using N2 stream and the solid was redissolved in methanol after which 2 
µL of this solution was injected to the chiral GC/MS.   
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7.0 Chapter Seven - Conclusion and Future Work  
This thesis has described the development of a variety of new metallo-supramolecular architectures 
starting from ligand design and metal choice to different synthetic approaches and potential 
applications in the enantiomeric separation. Chiral coordination polymers have drawn attention in the 
literature due to their inherently beauty and useful applications including the enantiomeric separation. 
23 new ligands were synthesised based on two synthetic approaches, 16 of which are chiral. Chirality 
was introduced to the ligands via the use of amino acids as stereogenic centres which was incorporated 
to the prepared ligands through peptide coupling chemistry. The ligand syntheses were completed by 
the introduction of coordination moieties using palladium catalysed C – C coupling chemistry. 
Ligands were characterised by NMR, MS, IR, microanalysis and X-ray diffraction. Optical rotation 
(αD) confirmed the optical activity of the final products. The use of peptide coupling reagents under 
mild conditions generally gave better yields than alternative syntheses employing acid chloride. It 
was also found that the introduction of coordination moieties via C – C coupling was more efficient 
if performed after the peptide coupling reactions. Varying the protection groups allowed the control 
of the hydrolysis of the functional groups to form ligands with different geometric properties.  
 
When these ligands were combined with selected metal ions a wide range of coordination polymers 
were prepared. 16 one-, two- and three-dimensional coordination polymers were characterised by X-
ray diffraction. Seven of these networks were chiral. The reaction conditions were found to be critical; 
changing solvent and temperature greatly varied the geometry of the resulting networks. For example, 
changing the solvent system and the reaction temperature produced two different three-dimensional 
networks QUF-11 [Zn12(8)9(18)6(µ3OH)6]n and QUF-12 [Zn(8)(18)0.5]n from the same ligands. 
Similarly, two different networks QUF-6 [Co(18)1.5(2)(H2O)]n and QUF-7 [Co(18)(2)]n were 
obtained from changing the reaction temperature. Tailoring the coordination polymer porosity was 
also investigated through “pillaring” to produce a number of two-components coordination polymers. 
This was demonstrated by the chiral coordination polymers QUF-10 [Zn(8)(H2O)2]n, QUF-11 
[Zn12(8)9(18)6(µ3OH)6]n and QUF-12 [Zn(8)(18)0.5]n where the bipyridine ligand 18 was used as 
spacer ligands to produce more porous 3D networks QUF-11 and QUF-12 instead of 1D coordination 
polymer in QUF-10. The metal ions are also a critical point in the coordination polymers synthesis. 
For example, the transition metal ions ZnII and CoII produced two different 3D and 2D coordination 
polymers QUF-12 [Zn(8)(18)0.5]n and QUF-6 [Co(8)(18)(H2O)2]n from the same ligands. 
A chiral quaterpyridine ligand was also prepared and used to investigate the formation chiral metallo-
supramolecular polyhedra. The formation of helicate [Fe2493]
4+ was confirmed by the high resolution 
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mass spectrometry however, the two-dimensional DOSY NMR and column chromatography indicate 
the formation of more than one architecture which more likely to be the targeted [Fe4496]
8+ cage. 
Molecular modelling showed both helicate and tetrahedral are feasible structures.  
 
The three-dimensional coordination polymers were chosen for a preliminary chiral separation studies. 
The thermal stability and the crystallinity of these 3D coordination polymers QUF-11, QUF-12, QUF-
15 and QUF-8 were assessed through thermogravemetric analysis (TGA) and powder X-ray 
diffraction (PXRD). The chiral separation studies using QUF-11 network was assessed in two 
different methods. The first through examine the ability of the network to encapsulate the amino acid 
that needs to be separated, this was achieved through a crystallographic study. The X-ray crystal 
structure show the ability of the QUF-11 to encapsulate two L-leucine molecules. Separation 
investigations were also conducted using both column chromatography and soaking experiments. The 
efficiency of the separation was assessed by using chiral GC/MS and the results indicate that QUF-
11 was able to separate the L-leucine from its racemic mixture although soaking experiments 
indicated no selectivity. These promising results indicate that the future further investigations are 
potentially applicable not only using the selected 3D networks but also using the other prepared 
coordination polymers. Such investigations would be helpful to reduce the limitations of using the 
chiral coordination polymers in an enantiomeric separation.  
 
There are several lines of research arising from this work which should be pursued. Firstly, functional 
chiral ligands could be synthesised more efficiently using one of the proposed approaches. Perhaps 
the most adequate way is by incorporating the amino acids as stereogenic centre through peptide 
coupling using peptide coupling reagents after which the binding moieties can be introduce using C 
– C coupling. Alternatively, the amino acid could be introduced directly to functional cores. Although 
a selected number of synthesised ligands produced crystals upon the coordination reaction which 
enabled the characterisation by X-ray diffraction, tuning the coordination conditions of the other 
synthesised ligands to produce crystals upon a combination with metal ions is still a fertile territory 
and needs to be explored more. Future research on multicomponent chiral coordination polymers 
using the prepared chiral and achiral ligands might extend the formation of more porous chiral metal-
organic frameworks. Based on the preliminary studies of coordinating the quaterpyridine chiral 
ligands, further investigations are necessary not only to confirm the preparation of the tetrahedron but 
also to validate a post-synthetic modification by employing the amino acid carboxylate in further 
interactions. Finally, to further validate the concept of using the prepared chiral coordination 
polymers in enantiomeric separation, future research should extend the investigation of using these 
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materials to separate bulkier molecules. This may constitute the object of employing these materials 
in wider industrial sectors.   
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8.0 Appendix – Crystal Structure Refinement Data  
 Compound 5  Compound 7 
Empirical formula C28H26Br2N2O6 C22H30Br2N2O6 
Formula weight 646.33 573.03 
Temperature/K 100(2) 293(2) 
Crystal system monoclinic monoclinic 
Space group P21 C2 
a/Å 16.461(3) 30.926(4) 
b/Å 4.9150(10) 4.9619(4) 
c/Å 16.748(3) 17.7507(19) 
α/° 90 90 
β/° 95.29(3) 111.185(11) 
γ/° 90 90 
Volume/Å3 1349.2(5) 2539.8(5) 
Z 2 4 
ρcalcg/cm3 1.591 1.499 
μ/mm‑1 3.049 4.369 
F(000) 652.0 1161.0 
Crystal size/mm3 0.03 × 0.02 × 0.01 0.2 × 0.2 × 0.15 
Radiation MoKα (λ = 0.71073) CuKα (λ = 1.54178) 
2Θ range for data collection/° 2.442 to 52.744 9.48 to 126.564 
Index ranges -20 ≤ h ≤ 20, -5 ≤ k ≤ 5, -20 ≤ l ≤ 
20 
-35 ≤ h ≤ 35, -5 ≤ k ≤ 5, -
20 ≤ l ≤ 16 
Reflections collected 19300 10826 
Independent reflections 5173 [Rint = 0.0548, Rsigma = 
0.0439] 
3580 [Rint = 0.0634, Rsigma 
= 0.0522] 
Data/restraints/parameters 5173/1/345 3580/1/312 
Goodness-of-fit on F2 1.035 1.096 
Final R indexes [I>=2σ (I)] R1 = 0.0337, wR2 = 0.0875 R1 = 0.0623, wR2 = 0.1683 
Final R indexes [all data] R1 = 0.0350, wR2 = 0.0882 R1 = 0.0642, wR2 = 0.1713 
Largest diff. peak/hole / e Å-3 0.78/-0.82 1.38/-1.22 
Flack parameter 0.016(5) -0.01(6) 
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 Compound 15  Compound 18 from toluene  
Empirical formula C11H16BNO2 with disordered 
guests is (C13H19BN2O3) 
C18H16N2 
Formula weight 205.06 260.33 
Temperature/K 190(2) 190(2) 
Crystal system tetragonal triclinic 
Space group I-4 P-1 
a/Å 18.4288(2) 7.4872(8) 
b/Å 18.4288(2) 7.7231(7) 
c/Å 7.62660(10) 12.9691(13) 
α/° 90 100.866(8) 
β/° 90 101.393(9) 
γ/° 90 105.091(9) 
Volume/Å3 2590.15(7) 686.61(12) 
Z 10 2 
ρcalcg/cm3 1.315 1.259 
μ/mm‑1 0.088 0.075 
F(000) 1100.0 276.0 
Crystal size/mm3 0.2 × 0.1 × 0.05 0.2 × 0.1 × 0.1 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
2Θ range for data 
collection/° 
5.782 to 55.75 5.914 to 54.19 
Index ranges -24 ≤ h ≤ 24, -24 ≤ k ≤ 24, -9 ≤ l 
≤ 10 
-9 ≤ h ≤ 9, -9 ≤ k ≤ 8, -16 ≤ l ≤ 
16 
Reflections collected 27830 5875 
Independent reflections 3069 [Rint = 0.0317, Rsigma = 
0.0175] 
2977 [Rint = 0.0262, Rsigma = 
0.0362] 
Data/restraints/parameters 3069/2/166 2977/0/245 
Goodness-of-fit on F2 1.094 1.001 
Final R indexes [I>=2σ (I)] R1 = 0.0647, wR2 = 0.1893 R1 = 0.0452, wR2 = 0.1317 
Final R indexes [all data] R1 = 0.0681, wR2 = 0.1924 R1 = 0.0560, wR2 = 0.1436 
Largest diff. peak/hole/eÅ-3 0.79/-0.66 0.20/-0.23 
Flack parameter 0.0(3) ---- 
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 Compound 18 from 
methanol  
 Compound [18-2H(NO3
-)2] 
Empirical formula C18H20N2O2 C18H18N4O6 
Formula weight 296.36 193.18 
Temperature/K 100(2) 100(2) 
Crystal system monoclinic monoclinic 
Space group P21/c P21/c 
a/Å 11.791(2) 3.7940(8) 
b/Å 13.793(3) 17.714(4) 
c/Å 4.9300(10) 12.698(3) 
α/° 90 90 
β/° 101.33(3) 95.55(3) 
γ/° 90 90 
Volume/Å3 786.1(3) 849.4(3) 
Z 2 4 
ρcalcg/cm3 1.252 1.511 
μ/mm‑1 0.082 0.116 
F(000) 316.0 404.0 
Crystal size/mm3 0.04 × 0.03 × 0.03 0.03 × 0.02 × 0.01 
Radiation synchrotron (λ = 0.7108) synchrotron (λ = 0.7108) 
2Θ range for data collection/° 3.522 to 56.562 3.958 to 56.554 
Index ranges -15 ≤ h ≤ 15, -18 ≤ k ≤ 18, -6 ≤ 
l ≤ 6 
-4 ≤ h ≤ 4, -23 ≤ k ≤ 23, -15 ≤ l 
≤ 15 
Reflections collected 12663 13187 
Independent reflections 1916 [Rint = 0.0565, Rsigma = 
0.0283] 
1984 [Rint = 0.1287, Rsigma = 
0.0703] 
Data/restraints/parameters 1916/0/108 1984/0/128 
Goodness-of-fit on F2 1.027 1.105 
Final R indexes [I>=2σ (I)] R1 = 0.0463, wR2 = 0.1205 R1 = 0.1332, wR2 = 0.3784 
Final R indexes [all data] R1 = 0.0531, wR2 = 0.1262 R1 = 0.1593, wR2 = 0.3968 
Largest diff. peak/hole / e Å-3 0.32/-0.20 0.87/-0.48 
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 Compound H2-19  Compound 20 
Empirical formula C18H29N2NaO13 C12H12Br2O4 
Formula weight 349.31 380.04 
Temperature/K 190(2) 190 
Crystal system triclinic monoclinic 
Space group P-1 P21/c 
a/Å 10.4109(6) 10.0468(3) 
b/Å 11.1279(7) 7.6582(2) 
c/Å 12.1125(10) 9.6509(2) 
α/° 101.580(7) 90 
β/° 98.222(6) 117.188(3) 
γ/° 117.146(6) 90 
Volume/Å3 1178.13(15) 660.50(3) 
Z 3 2 
ρcalcg/cm3 1.477 1.911 
μ/mm‑1 0.225 6.139 
F(000) 551.0 372.0 
Crystal size/mm3 0.2 × 0.2 × 0.1 0.55 × 0.43 × 0.14 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
2Θ range for data collection/° 7.132 to 55.744 7.008 to 64.05 
Index ranges -13 ≤ h ≤ 13, -14 ≤ k ≤ 14, -15 
≤ l ≤ 15 
-14 ≤ h ≤ 14, -11 ≤ k ≤ 11, -14 
≤ l ≤ 14 
Reflections collected 29250 48241 
Independent reflections 5555 [Rint = 0.0708, Rsigma = 
0.0664] 
2280 [Rint = 0.0439, Rsigma = 
0.0150] 
Data/restraints/parameters 5555/14/401 2280/0/83 
Goodness-of-fit on F2 1.188 1.122 
Final R indexes [I>=2σ (I)] R1 = 0.1174, wR2 = 0.2590 R1 = 0.0323, wR2 = 0.0744 
Final R indexes [all data] R1 = 0.1475, wR2 = 0.2728 R1 = 0.0396, wR2 = 0.0793 
Largest diff. peak/hole / e Å-3 0.79/-0.41 0.54/-1.09 
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 Compound 21  Compound H2-63 
Empirical formula C22H20N2O4 C22H23NO7 
Formula weight 376.40 413.16 
Temperature/K 100(2) 100(2) 
Crystal system orthorhombic triclinic 
Space group P212121 P1 
a/Å 9.4240(19) 11.640(2) 
b/Å 9.5020(19) 11.972(2) 
c/Å 20.940(4) 22.956(5) 
α/° 90 83.12(3) 
β/° 90 76.07(3) 
γ/° 90 78.92(3) 
Volume/Å3 1875.1(7) 3038.0(12) 
Z 4 6 
ρcalcg/cm3 1.333 1.217 
μ/mm‑1 0.093 0.093 
F(000) 792.0 1176.0 
Crystal size/mm3 0.04 × 0.03 × 0.03 0.04 × 0.03 × 0.03 
Radiation MoKα (λ = 0.71073) synchrotron (λ = 0.7108) 
2Θ range for data collection/° 4.708 to 55.778 3.476 to 55.748 
Index ranges -12 ≤ h ≤ 12, -12 ≤ k ≤ 12, -27 
≤ l ≤ 27 
-14 ≤ h ≤ 14, -15 ≤ k ≤ 15, -30 
≤ l ≤ 30 
Reflections collected 31341 55563 
Independent reflections 4447 [Rint = 0.0463, Rsigma = 
0.0218] 
28004 [Rint = 0.0440, Rsigma = 
0.0628] 
Data/restraints/parameters 4447/0/256 28004/3/1640 
Goodness-of-fit on F2 1.164 1.020 
Final R indexes [I>=2σ (I)] R1 = 0.0433, wR2 = 0.1161 R1 = 0.0699, wR2 = 0.1784 
Final R indexes [all data] R1 = 0.0444, wR2 = 0.1168 R1 = 0.1073, wR2 = 0.2110 
Largest diff. peak/hole / e Å-3 0.35/-0.22 0.95/-0.40 
Flack parameter 0.2(2) -0.4(4) 
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 Compound 66 
Empirical formula C24H24N2O10 
Formula weight 500.45 
Temperature/K 100(2) 
Crystal system triclinic 
Space group P1 
a/Å 5.5130(11) 
b/Å 9.0660(18) 
c/Å 11.213(2) 
α/° 75.83(3) 
β/° 88.13(3) 
γ/° 83.48(3) 
Volume/Å3 539.9(2) 
Z 1 
ρcalcg/cm3 1.539 
μ/mm‑1 0.121 
F(000) 262.0 
Crystal size/mm3 0.3 × 0.3 × 0.3 
Radiation synchrotron (λ = 0.7108) 
2Θ range for data collection/° 3.746 to 51.336 
Index ranges -6 ≤ h ≤ 6, -11 ≤ k ≤ 11, -13 ≤ l 
≤ 13 
Reflections collected 6629 
Independent reflections 3355 [Rint = 0.0709, Rsigma = 
0.1047] 
Data/restraints/parameters 3355/3/330 
Goodness-of-fit on F2 1.055 
Final R indexes [I>=2σ (I)] R1 = 0.0557, wR2 = 0.1394 
Final R indexes [all data] R1 = 0.0557, wR2 = 0.1394 
Largest diff. peak/hole / e Å-3 0.31/-0.29 
Flack parameter -0.3(6) 
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 QUF-1 QUF-2 
Empirical formula C44H48N4O10Co2 C10H9Co0.5NO2 
Formula weight 910.74 204.65 
Temperature/K 100(2) 100(2) 
Crystal system triclinic monoclinic 
Space group P͞1 P21/c 
a/Å 8.3080(17) 13.742(3) 
b/Å 15.353(3) 7.6390(15) 
c/Å 17.845(4) 8.4720(17) 
α/° 90.13(3) 90 
β/° 90.11(3) 92.44(3) 
γ/° 103.19(3) 90 
Volume/Å3 2216.1(8) 888.5(3) 
Z 2 4 
ρcalcg/cm3 1.360 1.530 
μ/mm‑1 0.808 0.995 
F(000) 939.0 422.0 
Crystal size/mm3 0.03 × 0.03 × 0.01 0.02 × 0.02 × 0.01 
Radiation synchrotron (λ = 0.7108) synchrotron (λ = 0.7108) 
2Θ range for data collection/° 2.282 to 48.858 6.104 to 54.184 
Index ranges -9 ≤ h ≤ 9, -17 ≤ k ≤ 17, -20 ≤ l 
≤ 20 
-17 ≤ h ≤ 17, -9 ≤ k ≤ 9, -10 ≤ l 
≤ 10 
Reflections collected 25658 11606 
Independent reflections 6785 [Rint = 0.1363, Rsigma = 
0.1097] 
1873 [Rint = 0.0527, Rsigma = 
0.0335] 
Data/restraints/parameters 6785/0/589 1873/0/134 
Goodness-of-fit on F2 1.044 1.115 
Final R indexes [I>=2σ (I)] R1 = 0.0955, wR2 = 0.2500 R1 = 0.1158, wR2 = 0.3262 
Final R indexes [all data] R1 = 0.1519, wR2 = 0.2876 R1 = 0.1203, wR2 = 0.3296 
Largest diff. peak/hole / e Å-3 1.38/-1.05 1.70/-1.21 
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 QUF-3 QUF-4 
Empirical formula C18H16Cl2CoN2 C13H19Cl2In0.5N2.5O 
Formula weight 390.16 253.54 
Temperature/K 100(2) 100(2) 
Crystal system monoclinic triclinic 
Space group P21/n P͞1 
a/Å 7.6220(15) 7.3850(15) 
b/Å 23.519(5) 9.4390(19) 
c/Å 9.5470(19) 13.242(3) 
α/° 90 102.92(3) 
β/° 90.40(3) 102.21(3) 
γ/° 90 108.94(3) 
Volume/Å3 1711.4(6) 809.5(3) 
Z 4 2 
ρcalcg/cm3 1.514 1.428 
μ/mm‑1 1.314 1.089 
F(000) 796.0 352.0 
Crystal size/mm3 0.02 × 0.02 × 0.01 0.03 × 0.02 × 0.01 
Radiation synchrotron (λ = 0.7108) synchrotron (λ = 0.7108) 
2Θ range for data collection/° 4.266 to 52.742 3.318 to 54.202 
Index ranges -9 ≤ h ≤ 9, -29 ≤ k ≤ 29, -11 ≤ l 
≤ 11 
-9 ≤ h ≤ 9, -12 ≤ k ≤ 12, -16 ≤ l 
≤ 16 
Reflections collected 22659 12254 
Independent reflections 3193 [Rint = 0.0511, Rsigma = 
0.0311] 
3226 [Rint = 0.0471, Rsigma = 
0.0427] 
Data/restraints/parameters 3193/0/212 3226/8/177 
Goodness-of-fit on F2 1.140 1.077 
Final R indexes [I>=2σ (I)] R1 = 0.0806, wR2 = 0.2170 R1 = 0.0809, wR2 = 0.2174 
Final R indexes [all data] R1 = 0.0923, wR2 = 0.2360 R1 = 0.0852, wR2 = 0.2243 
Largest diff. peak/hole / e Å-3 1.37/-2.24 2.07/-2.75 
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 QUF-5 QUF-6 
Empirical formula C18H12N2O5Zn C38H37Br2CoN4O7 
Formula weight 401.67 880.46 
Temperature/K 100(2) 100(2) 
Crystal system monoclinic triclinic 
Space group P21/n P͞1 
a/Å 10.620(2) 9.4490(19) 
b/Å 8.4200(17) 11.237(2) 
c/Å 17.350(4) 19.017(4) 
α/° 90 75.11(3) 
β/° 107.64(3) 75.88(3) 
γ/° 90 82.00(3) 
Volume/Å3 1478.5(6) 1886.1(8) 
Z 4 24 
ρcalcg/cm3 1.804 2.212 
μ/mm‑1 1.698 5.265 
F(000) 816.0 1214.0 
Crystal size/mm3 0.03 × 0.03 × 0.02 0.020 × 0.020 × 0.010 
Radiation synchrotron (λ = 0.7108) Synchrotron (λ = 0.7108) 
2Θ range for data collection/° 4.032 to 54.206 2.27 to 50.252 
Index ranges -13 ≤ h ≤ 13, -10 ≤ k ≤ 10, -22 
≤ l ≤ 22 
-11 ≤ h ≤ 11, -13 ≤ k ≤ 13, -22 
≤ l ≤ 22 
Reflections collected 33771 23238 
Independent reflections 3265 [Rint = 0.1459, Rsigma = 
0.0587] 
6362 [Rint = 0.0238, Rsigma = 
0.0237] 
Data/restraints/parameters 3265/0/236 6362/0/428 
Goodness-of-fit on F2 1.015 1.082 
Final R indexes [I>=2σ (I)] R1 = 0.0541, wR2 = 0.1209 R1 = 0.1164, wR2 = 0.3150 
Final R indexes [all data] R1 = 0.0891, wR2 = 0.1373 R1 = 0.1242, wR2 = 0.3208 
Largest diff. peak/hole / e Å-3 1.66/-0.78 2.14/-3.24 
 
 
298 
 
 
 QUF-7 QUF-8  
Empirical formula C26H18Br2CoN2O4 C23H16NO4Zn 
Formula weight 641.17 435.74 
Temperature/K 100(2) 100(2) 
Crystal system triclinic triclinic 
Space group P͞1 P͞1 
a/Å 9.3480(19) 9.5360(19) 
b/Å 9.7270(19) 9.858(2) 
c/Å 14.611(3) 12.422(3) 
α/° 90.88(3) 83.86(3) 
β/° 101.47(3) 89.51(3) 
γ/° 102.39(3) 77.86(3) 
Volume/Å3 1269.4(5) 1134.9(4) 
Z 2 2 
ρcalcg/cm3 1.678 1.275 
μ/mm‑1 3.859 1.107 
F(000) 634.0 446.0 
Crystal size/mm3 0.030 × 0.020 × 0.020 0.03 × 0.03 × 0.02 
Radiation synchrotron (λ = 0.7108) Synchrotron (λ = 0.7108) 
2Θ range for data collection/° 4.296 to 56.562 4.252 to 52.744 
Index ranges -12 ≤ h ≤ 12, -11 ≤ k ≤ 11, -19 
≤ l ≤ 19 
-11 ≤ h ≤ 11, -12 ≤ k ≤ 12, -15 
≤ l ≤ 15 
Reflections collected 20386 15726 
Independent reflections 5745 [Rint = 0.0390, Rsigma = 
0.0346] 
4199 [Rint = 0.0711, Rsigma = 
0.0614] 
Data/restraints/parameters 5745/0/319 4199/0/263 
Goodness-of-fit on F2 1.035 1.079 
Final R indexes [I>=2σ (I)] R1 = 0.0238, wR2 = 0.0651 R1 = 0.0960, wR2 = 0.2522 
Final R indexes [all data] R1 = 0.0240, wR2 = 0.0653 R1 = 0.1116, wR2 = 0.2691 
Largest diff. peak/hole / e Å-3 0.54/-0.56 1.33/-1.63 
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 QUF-9 
Empirical formula C16H15O7Cu 
Formula weight 382.01 
Temperature/K 100(2) 
Crystal system trigonal 
Space group R͞3 
a/Å 18.693(3) 
b/Å 18.693(3) 
c/Å 38.245(8) 
α/° 90 
β/° 90 
γ/° 120 
Volume/Å3 11574(4) 
Z 18 
ρcalcg/cm3 0.900 
μ/mm‑1 0.866 
F(000) 3154.0 
Crystal size/mm3 0.03 × 0.02 × 0.01 
Radiation synchrotron (λ = 0.7108) 
2Θ range for data collection/° 5.404 to 57.394 
Index ranges -24 ≤ h ≤ 24, -25 ≤ k ≤ 25, -51 ≤ 
l ≤ 51 
Reflections collected 65798 
Independent reflections 6600 [Rint = 0.0455, Rsigma = 
0.0185] 
Data/restraints/parameters 6600/9/199 
Goodness-of-fit on F2 1.055 
Final R indexes [I>=2σ (I)] R1 = 0.0628, wR2 = 0.1922 
Final R indexes [all data] R1 = 0.0677, wR2 = 0.1973 
Largest diff. peak/hole / e Å-3 0.96/-0.70 
Flack parameter  
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 QUF-10 QUF-11  
Empirical formula C20H32Br2N2O10Zn C292H358Br18N30O79Zn12 
Formula weight 685.66 7736.17 
Temperature/K 190(2) 100(2) 
Crystal system orthorhombic triclinic 
Space group P21212 P1 
a/Å 16.7702(7) 18.425(4) 
b/Å 15.3696(6) 23.864(5) 
c/Å 10.5342(3) 26.140(5) 
α/° 90 115.71(3) 
β/° 90 100.24(3) 
γ/° 90 91.66(3) 
Volume/Å3 2715.20(17) 10118(4) 
Z 4 1 
ρcalcg/cm3 1.677 1.234 
μ/mm‑1 5.170 2.539 
F(000) 1384.0 3690.0 
Crystal size/mm3 0.2 × 0.1 × 0.02 0.03 × 0.02 × 0.01 
Radiation CuKα (λ = 1.54184) synchrotron (λ = 0.7108) 
2Θ range for data collection/° 7.802 to 133.182 1.768 to 54.206 
Index ranges -19 ≤ h ≤ 16, -18 ≤ k ≤ 17, -12 
≤ l ≤ 9 
-23 ≤ h ≤ 23, -30 ≤ k ≤ 30, -33 
≤ l ≤ 33 
Reflections collected 16502 157147 
Independent reflections 4798 [Rint = 0.0337, Rsigma = 
0.0310] 
78911 [Rint = 0.0465, Rsigma = 
0.0665] 
Data/restraints/parameters 4798/10/351 78911/46/2264 
Goodness-of-fit on F2 1.047 1.461 
Final R indexes [I>=2σ (I)] R1 = 0.0352, wR2 = 0.0909 R1 = 0.1228, wR2 = 0.3404 
Final R indexes [all data] R1 = 0.0405, wR2 = 0.0953 R1 = 0.1464, wR2 = 0.3633 
Largest diff. peak/hole / e Å-3 0.59/-0.60 3.33/-2.83 
Flack parameter -0.033(14) 0.057(4) 
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 QUF-12 QUF-13 
Empirical formula C32H52Br2N3O13Zn C40H52Br2CoN4O10 
Formula weight 888.30 967.60 
Temperature/K 100(2) 100(2) 
Crystal system monoclinic triclinic 
Space group C2 P1 
a/Å 22.187(4) 7.5290(15) 
b/Å 15.151(3) 12.275(3) 
c/Å 15.202(3) 12.430(3) 
α/° 90 92.36(3) 
β/° 125.16(3) 100.80(3) 
γ/° 90 105.50(3) 
Volume/Å3 4177.6(19) 1082.3(4) 
Z 4 1 
ρcalcg/cm3 1.412 1.485 
μ/mm‑1 2.559 2.301 
F(000) 1790.0 497.0 
Crystal size/mm3 0.03 × 0.02 × 0.01 0.03 × 0.01 × 0.01 
Radiation synchrotron (λ = 0.7108) synchrotron (λ = 0.7108) 
2Θ range for data collection/° 3.276 to 46.888 3.46 to 55.742 
Index ranges -24 ≤ h ≤ 24, -16 ≤ k ≤ 16, -16 
≤ l ≤ 16 
-9 ≤ h ≤ 9, -15 ≤ k ≤ 15, -16 ≤ l 
≤ 16 
Reflections collected 21582 16293 
Independent reflections 5935 [Rint = 0.1318, Rsigma = 
0.1062] 
8240 [Rint = 0.0662, Rsigma = 
0.1005] 
Data/restraints/parameters 5935/1/424 8240/3/526 
Goodness-of-fit on F2 1.000 1.078 
Final R indexes [I>=2σ (I)] R1 = 0.0810, wR2 = 0.2029 R1 = 0.0825, wR2 = 0.2257 
Final R indexes [all data] R1 = 0.1302, wR2 = 0.2341 R1 = 0.0910, wR2 = 0.2354 
Largest diff. peak/hole / e Å-3 0.92/-0.54 3.52/-1.58 
Flack parameter 0.043(12) 0.050(8) 
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 QUF-14 QUF-15 
Empirical formula C34H40N2O14Zn2 C48H62N8O15Zn2 
Formula weight 832.50 1118.29 
Temperature/K 100(2) 100(2) 
Crystal system triclinic hexagonal 
Space group P1 P65 
a/Å 8.4580(17) 17.569(3) 
b/Å 10.855(2) 17.569(3) 
c/Å 11.202(2) 36.368(7) 
α/° 112.02(3) 90 
β/° 104.94(3) 90 
γ/° 97.20(3) 120 
Volume/Å3 892.5(5) 9722(3) 
Z 1 122 
ρcalcg/cm3 1.5488 2.259 
μ/mm‑1 1.416 7.434 
F(000) 431.9 6344.0 
Crystal size/mm3 0.03 × 0.02 × 0.01 0.030 × 0.020 × 0.010 
Radiation synchrotron (λ = 0.7108) synchrotron (λ = 0.7108) 
2Θ range for data collection/° 4.16 to 52.74 1.12 to 50.052 
Index ranges -12 ≤ h ≤ 12, -15 ≤ k ≤ 15, -16 
≤ l ≤ 16 
-20 ≤ h ≤ 20, -19 ≤ k ≤ 19, -43 
≤ l ≤ 43 
Reflections collected 15379 112068 
Independent reflections 6317 [Rint = 0.0260, Rsigma = 
0.0389] 
11355 [Rint = 0.0746, Rsigma = 
0.0351] 
Data/restraints/parameters 6317/3/397 11355/32/635 
Goodness-of-fit on F2 1.023 1.042 
Final R indexes [I>=2σ (I)] R1 = 0.0540, wR2 = 0.1398 R1 = 0.1071, wR2 = 0.2541 
Final R indexes [all data] R1 = 0.0620, wR2 = 0.1470 R1 = 0.1748, wR2 = 0.3317 
Largest diff. peak/hole / e Å-3 1.33/-1.26 0.72/-0.39 
Flack parameter 0.18(2) -0.004(7) 
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 QUF-16 
Empirical formula C105H134N8O32Zn6 
Formula weight 2412.56 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group P21 
a/Å 10.019(2) 
b/Å 26.656(5) 
c/Å 20.863(4) 
α/° 90 
β/° 96.61(3) 
γ/° 90 
Volume/Å3 5534.7(19) 
Z 2 
ρcalcg/cm3 1.938 
μ/mm‑1 1.007 
F(000) 3276.0 
Crystal size/mm3 0.020 × 0.020 × 0.010 
Radiation synchrotron (λ = 0.7108) 
2Θ range for data collection/° 1.966 to 41.63 
Index ranges -10 ≤ h ≤ 10, -26 ≤ k ≤ 26, -20 ≤ 
l ≤ 20 
Reflections collected 33159 
Independent reflections 10834 [Rint = 0.2629, Rsigma = 
0.2424] 
Data/restraints/parameters 10834/24/836 
Goodness-of-fit on F2 1.023 
Final R indexes [I>=2σ (I)] R1 = 0.1849, wR2 = 0.4099 
Final R indexes [all data] R1 = 0.2919, wR2 = 0.5059 
Largest diff. peak/hole / e Å-3 0.67/-0.43 
Flack parameter 0.03(5) 
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 QUF-11 – L-leucine 
Empirical formula C209H282Br12N22O56Zn8 
Formula weight 5454.44 
Temperature/K 100(2) 
Crystal system triclinic 
Space group P1 
a/Å 15.700(3) 
b/Å 18.415(4) 
c/Å 24.040(5) 
α/° 90.36(3) 
β/° 91.20(3) 
γ/° 101.42(3) 
Volume/Å3 6811(2) 
Z 1 
ρcalcg/cm3 1.317 
μ/mm‑1 2.523 
F(000) 2735.0 
Crystal size/mm3 0.03 × 0.02 × 0.01 
Radiation synchrotron (λ = 0.7108) 
2Θ range for data collection/° 1.694 to 50.7 
Index ranges -18 ≤ h ≤ 18, -22 ≤ k ≤ 22, -28 ≤ 
l ≤ 28 
Reflections collected 78862 
Independent reflections 39638 [Rint = 0.0311, Rsigma = 
0.0446] 
Data/restraints/parameters 39638/67/2620 
Goodness-of-fit on F2 1.031 
Final R indexes [I>=2σ (I)] R1 = 0.0833, wR2 = 0.2270 
Final R indexes [all data] R1 = 0.0915, wR2 = 0.2382 
Largest diff. peak/hole / e Å-3 2.73/-2.15 
Flack parameter 0.037(3) 
 
